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Summary
Crystallization of fats is of major importance in the processing and further handling (stor-
age, distribution) of fat-containing food products. In order to control the macroscopic prop-
erties of these products, a thorough understanding of the underlying mechanisms of the
crystallization process is essential. A frequently applied method to alter the crystallization
process of fat systems is the addition of emulsifiers whereby mono- and diacylglycerols are
considered as the most important group of emulsifiers. This PhD research aims at studying
in-depth how monoacylglycerols influence nucleation, crystal growth and polymorphism of
a crystallizing fat system. Palm oil was chosen as fat system as it is the leading vegetable oil
worldwide due to its high productivity, low cost and wide range of applications. As palmitic
acid is one of the major fatty acids in palm oil, it was decided to investigate the effect of
monopalmitin. A wide range of concentrations was used to obtain a full understanding of
the underlying mechanisms.
A first part of the research comprises the initial stages of the fat crystallization process. The
effect of pure monopalmitin was compared to the effect of a commercial monoacylglycerol
containing monopalmitin. They were added to palm oil in different concentrations and
a multi-methodological approach was followed to investigate the crystallization process.
Insight into the behavior of monoacylglycerols in the absence of crystallizing palm oil
triacylglycerols was obtained by adding the monoacylglycerols to liquid oil. In addition,
liquid oil was compared to water as solvent system, with the aim of elucidating differences
and similarities between both liquid environments as disagreement exists on this matter in
literature. The long-term storage behavior of monopalmitin/palm oil blends is included in
the second part of the research. The ageing process of the blends was investigated, both
with and without the influence of an initial shear step. Finally, the monopalmitin/palm oil
blends were studied with synchrotron radiation microbeam X-ray diffraction (SR-µ-XRD)
to obtain local structural information, both during the initial stages of crystallization and
after long-term storage.
vii
viii SUMMARY
Relevant literature is discussed in chapter 1. First, the basic principles of primary fat
crystallization are reviewed. Nucleation, crystal growth and polymorphism are considered
with a discussion of controlling factors. Secondly, the chemical and physical characteris-
tics of palm oil are presented along with the different food applications of palm oil and
its fractions. Thirdly, monoacylglycerols are discussed. Similar to fat triacylglycerols, they
show a specific polymorphic behavior. The crystallization behavior of monoacylglycerols is
reviewed along with their behavior in a liquid environment and their major food applica-
tions. Finally, the effect of emulsifiers on fat crystallization is discussed and an overview of
studies about the effect of monoacylglycerols is presented.
Chapters 2 to 4 focus on the initial stages of the fat crystallization process. In chapter 2,
the influence of monopalmitin on the crystallization mechanism of palm oil is investigated.
Pure monopalmitin (>99%) was chosen instead of a commercial monoacylglycerol as the
latter also contains small amounts of diacylglycerols and triacylglycerols. By using pure
monopalmitin, it is possible to attribute observed effects exclusively to the monopalmitin.
Different techniques were used for this study: differential scanning calorimetry (DSC),
X-ray diffraction (XRD), pulsed nuclear magnetic resonance (NMR), oscillatory rheol-
ogy, polarized light microscopy (PLM) and cryo-scanning electron microscopy (cryo-SEM).
Monopalmitin was added to palm oil in different concentrations up to 8% and the isother-
mal crystallization temperature was varied between 15 and 28 ○C. It was shown that the
presence of monopalmitin led to an earlier onset of crystallization, caused by the crystalliz-
ing monopalmitin. In addition, also the crystallization of the palm oil triacylglycerols was
advanced, probably through a template effect of the crystallized monoacylglycerols. The
cut-off temperature of palm oil, bordering a one-step versus a two-step crystallization pro-
cess, was increased when monopalmitin was present. In case of a two-step crystallization,
the induction time needed to start the polymorphic transition of the palm oil triacyl-
glycerols from α to β’ was not influenced by added monopalmitin. On the microstructural
level, it was shown that addition of monopalmitin caused a higher solid fat content, a
stronger, more rigid network structure and a coarser crystal structure.
In addition to chapter 2, the effect of a commercial monoacylglycerol rich in monopalmitin
is studied in chapter 3 as pure monopalmitin is too expensive to be used in everyday
applications. The effect on the crystallization mechanism of palm oil was compared to
the effect of monopalmitin and monostearin, the two main constituents of the commercial
monoacylglycerol. In this study, DSC, XRD and PLM techniques were used. It could be
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concluded that the crystallization process of monoacylglycerol/palm oil blends was initiated
by the monoacylglycerols crystallizing in the α form and then transforming to sub-α.
The crystallization of palm oil was affected as an earlier crystallization and a coarser
crystal structure were observed in the presence of the monoacylglycerols. Similar to pure
monopalmitin, none of the added monoacylglycerols had a significant effect on the starting
point of the transition of the palm oil crystals from the α to the β’ polymorph.
The behavior of monoacylglycerols in a fully liquid environment is the topic of chapter 4.
Monopalmitin and a commercial monoacylglycerol rich in monopalmitin were blended with
both liquid oil (rapeseed oil) and water, as such that a comparison was possible with the
results obtained in the previous chapters where crystallized palm oil triacylglycerols were
present. DSC data were coupled with XRD data obtained using synchrotron radiation and
cryo-SEM images were recorded to illustrate the microstructural characteristics of the sys-
tems.
By studying the behavior of monoacylglycerols in liquid oil and comparing with the results
obtained in the presence of palm oil, a deeper insight into the behavior of monoacylglyc-
erols in a hydrophobic environment was obtained. Using DSC and XRD, it was found
that the behavior of the monopalmitin monoacylglycerols in liquid oil equals the respec-
tive behavior in palm oil. Due to the higher degree of similarity with the palm oil fatty
acids, the monoacylglycerols were more soluble in palm oil than in rapeseed oil. Moreover,
as co-crystallization of the monoacylglycerols with the oil triacylglycerols is unlikely to
occur in a liquid oil blend, it could be deduced from the DSC results that probably no
co-crystallization with the palm oil triacylglycerols occurs in the palm oil blends.
As no literature is available comparing the behavior of a monoacylglycerol in liquid oil
and water as solvent systems and as a lot of uncertainty exists concerning this matter,
this topic is addressed in the second part of chapter 4. By extending the concentration
range of the monoacylglycerols up to 75%, it could be demonstrated that, although the
polymorphic behavior of the monoacylglycerols is the same in both systems, the crystal-
lization onset temperature is concentration-independent in the water blends whereas this
onset is dependent on concentration when liquid oil is the solvent system. This is probably
due to the incompatibility of the monoacylglycerols with water. On the other hand, the
transformation temperature of the monoacylglycerols from the α to the sub-α polymorph
was concentration-independent in both liquid environments. The monoacylglycerols crys-
tallized in bilayers forming lamellar structures in both systems. When the concentration
in water was low, closed particles were formed to avoid direct contact between bulk water
and water associated with the monoacylglycerol bilayers.
x SUMMARY
The long-term storage behavior of palm oil blended with monopalmitin is addressed in
chapters 5 and 6. In chapter 5, the ageing process of palm oil and palm oil blended with
monopalmitin is investigated. Different concentrations of monopalmitin up to 8% were
added to palm oil and the blends were stored at three isothermal temperatures (15, 20
and 28 ○C) for four weeks. The effect of ageing was studied using DSC, XRD, PLM and
cryo-SEM. It could be concluded that the α to β’ transition occurring during the early
crystallization stages in case of a two-step crystallization was only a partial transition and
that prolonged storage was needed for a full transition of the palm oil crystals. Although
it was clear that pure palm oil was highly stable in the β’ polymorph during long-term
storage, this was not the case anymore when monopalmitin was added to palm oil. A
transformation to the β polymorph was shown to occur in these blends. These β crystals
appeared as large, needle-like crystals which are undesired in fat products as they cause a
grainy mouthfeel.
Because shear is an important part of many industrial processes, the effect of an initial shear
step on the formation of β crystals was investigated. Two different shear times (1 min and
60 min) and two different shear rates (1 s−1 and 100 s−1) were applied using a rheometer and
the samples were monitored during further static crystallization using PLM and XRD. The
results revealed β formation in all monopalmitin blends but interestingly, when the shear
time was long enough (60 min), the formation of large β crystal structures was prevented
irrespective of the applied shear rate.
Finally, chapter 6 describes the use of SR-µ-XRD which enables to obtain local struc-
tural information. This technique was used to determine whether or not and/or to what
extent palm oil triacylglycerols are involved in the formation of β crystals, as chapter 5
could not unambiguously elucidate on this matter. Moreover, SR-µ-XRD analysis of the
samples during the early crystallization stages enabled to observe the detailed effect of
monopalmitin on the nucleation of the palm oil crystals. For this study, a blend of palm
oil and 8% monopalmitin was isothermally crystallized at 20 ○C and analyzed shortly af-
ter reaching the crystallization temperature and after ageing at 20 ○C. SR-µ-XRD analysis
demonstrated the template effect of the monoacylglycerol by showing that the palm oil
crystals were orientated by the previously crystallized monopalmitin. Analysis of aged
samples clarified the structural composition of the large, spherulitic β crystals, showing
that they only consist of monopalmitin crystals. Furthermore, it could be demonstrated
that the monopalmitin crystals migrate and become concentrated during ageing through a
process of Ostwald ripening, with the large spherulitic crystals as extreme example of this
segregation process.
Samenvatting
Vetkristallisatie is van groot belang voor de verwerking en verdere behandeling (opslag, dis-
tributie) van vetbevattende voedingsproducten. Om de macroscopische eigenschappen van
deze producten te reguleren is een diepgaand inzicht in de onderliggende mechanismes van
het kristallisatieproces essentieel. Een vaak toegepaste methode om het kristallisatieproces
van vetsystemen te wijzigen is de toevoeging van emulgatoren waarbij mono- en diacylglyc-
erolen als de belangrijkste groep worden beschouwd. Dit doctoraatsonderzoek heeft als doel
een grondige studie van de manier waarop monoacylglycerolen de nucleatie, kristalgroei en
polymorfisme van een kristalliserend vetsysteem be¨ınvloeden. Palmolie werd gekozen als
vetsysteem omdat het wereldwijd de populairste plantaardige olie is door zijn hoge produc-
tiviteit, lage kost en breed toepassingsgebied. Aangezien palmitinezuur e´e´n van de hoofd-
vetzuren is in palmolie, werd beslist om het effect van monopalmitine te onderzoeken. Een
groot aantal concentraties werd toegevoegd om de onderliggende mechanismen volledig te
kunnen begrijpen.
Een eerste deel van het onderzoek omvat de beginfases van het kristallisatieproces. Het ef-
fect van zuivere monopalmitine werd vergeleken met het effect van een commercieel mono-
acylglycerol dat monopalmitine bevat. Ze werden toegevoegd aan palmolie in verschillende
concentraties en een multi-methodologische aanpak werd gevolgd om het kristallisatie-
proces te onderzoeken. Inzicht in het gedrag van monoacylglycerolen in afwezigheid van
kristalliserende palmolietriacylglycerolen werd verkregen door de monoacylglycerolen toe
te voegen aan vloeibare olie. Daarnaast werd vloeibare olie vergeleken met water als
solventsysteem om verschillen en gelijkenissen tussen beide vloeibare omgevingen op te
helderen, aangezien hierover onenigheid bestaat in de literatuur. Het langetermijnsop-
slaggedrag wordt toegelicht in het tweede deel van het onderzoek. Het verouderingsproces
van de mengsels werd onderzocht, met en zonder de invloed van een initie¨le afschuifstap.
Tot slot werden de monopalmitine/palmoliemengsels onderzocht met synchrotronstraling
microstralenbundel X-stralen diffractie (SR-µ-XRD) om lokale structurele informatie te
verkrijgen, zowel tijdens de beginfases van de kristallisatie als na langetermijnsopslag.
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Relevante literatuur wordt toegelicht in hoofdstuk 1. Als eerste wordt aandacht besteed
aan de basisprincipes van primaire vetkristallisatie. Nucleatie, kristalgroei en polymor-
fisme worden behandeld met bespreking van bepalende elementen. Ten tweede worden de
chemische en fysische eigenschappen van palmolie besproken samen met de verschillende
voedingstoepassingen van palmolie en zijn fracties. Ten derde worden monoacylglycerolen
behandeld. Vergelijkbaar met vettriacylglycerolen vertonen zij een specifiek polymorfisch
gedrag. Het kristallisatiegedrag van monoacylglycerolen wordt toegelicht samen met hun
gedrag in een vloeibare omgeving en hun voornaamste voedingstoepassingen. Tot slot wordt
het effect van emulgatoren op vetkristallisatie besproken en wordt er een overzicht gegeven
van studies over het effect van monoacylglycerolen.
Hoofdstukken 2 tot 4 focussen op de beginfases van het vetkristallisatieproces. In hoofd-
stuk 2 wordt de invloed van monopalmitine op het kristallisatiemechanisme van pal-
molie onderzocht. Zuivere monopalmitine (>99%) werd gekozen in plaats van een com-
mercieel monoacylglycerol omdat laatstgenoemde ook kleine hoeveelheden diacylglycerolen
en triacylglycerolen bevat. Het gebruik van zuivere monopalmitine laat toe geobserveerde
effecten uitsluitend aan de monopalmitine toe te schrijven. Verschillende technieken werden
gebruikt voor deze studie: differentie¨le scanning calorimetrie (DSC), X-stralen diffrac-
tie (XRD), gepulseerde nucleaire magnetische resonantie (NMR), oscillatorische reologie,
gepolariseerd licht microscopie (PLM) en cryo-scanning elektronenmicroscopie (cryo-SEM).
Monopalmitine werd toegevoegd aan palmolie in verschillende concentraties tot 8% en de
isotherme kristallisatietemperatuur werd gevarieerd tussen 15 en 28 ○C. Er werd aange-
toond dat de aanwezigheid van monopalmitine leidde tot een vroegere kristallisatiestart,
veroorzaakt door de kristalliserende monopalmitine. Daarnaast werd ook de kristallisatie
van de palmolietriacylglycerolen bevorderd, waarschijnlijk door een template effect van
de gekristalliseerde monoacylglycerolen. De cut-off temperatuur van palmolie, die een
e´e´nstaps- versus een tweestapskristallisatieproces afbakent, nam toe in aanwezigheid van
monopalmitine. In geval van een tweestapsproces werd de inductietijd nodig om de poly-
morfe overgang van de palmolietriacylglycerolen van α tot β’ te starten, niet be¨ınvloed door
toegevoegd monopalmitine. Op microstructureel niveau werd aangetoond dat toevoeging
van monopalmitine een hoger vast vetgehalte, een sterkere, stijvere netwerkstructuur en
een grovere kristalstructuur veroorzaakte.
In aanvulling op hoofdstuk 2 werd het effect van een commercieel monoacylglycerol rijk aan
monopalmitine bestudeerd in hoofdstuk 3 aangezien zuivere monopalmitine te duur is voor
gebruik in alledaagse toepassingen. Het effect op het kristallisatiemechanisme van palmolie
werd vergeleken met het effect van monopalmitine en monostearine, de twee hoofdcompo-
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nenten van het commercieel monoacylglycerol. In deze studie werden DSC, XRD en PLM
technieken gebruikt. Er kon besloten worden dat het kristallisatieproces van monoacyl-
glycerol/palmoliemengsels werd ge¨ınitieerd door de monoacylglycerolen die kristalliseren
in de α vorm en dan transformeren tot sub-α. De kristallisatie van palmolie werd be¨ınvloed
aangezien een vroegere kristallisatie en een grovere kristalstructuur werden waargenomen
in aanwezigheid van de monoacylglycerolen. Zoals in het geval van zuivere monopalmitine
had geen van de toegevoegde monoacylglycerolen een significant effect op het startpunt
van de overgang van de palmoliekristallen van de α naar de β’ polymorf.
Het gedrag van monoacylglycerolen in een volledig vloeibare omgeving is het onderwerp van
hoofdstuk 4. Monopalmitine en een commercieel monoacylglycerol rijk aan monopalmitine
werden gemengd met zowel vloeibare olie (koolzaadolie) als water, zodanig dat een vergelij-
king mogelijk was met de resultaten uit de vorige hoofdstukken waar gekristalliseerde palm-
olietriacylglycerolen aanwezig waren. DSC gegevens werden gekoppeld aan XRD gegevens
verkregen met synchrotron straling en cryo-SEM beelden werden opgenomen om de micro-
structurele eigenschappen van de systemen te illustreren.
Door het gedrag van monoacylglycerolen in vloeibare olie te bestuderen en te vergelijken
met de resultaten in aanwezigheid van palmolie werd een dieper inzicht verkregen in het
gedrag van monoacylglycerolen in een hydrofobe omgeving. DSC en XRD toonden aan
dat het gedrag van de monopalmitine monoacylglycerolen in vloeibare olie overeenkomt
met het gedrag in palmolie. Door de grotere gelijkenis met de palmolievetzuren waren de
monoacylglycerolen meer oplosbaar in palmolie dan in koolzaadolie. Bovendien, aangezien
medekristallisatie van de monoacylglycerolen met de olietriacylglycerolen onwaarschijnlijk
is in geval van vloeibare olie, kon uit de DSC resultaten worden afgeleid dat waarschijnlijk
geen medekristallisatie met de palmolietriacylglycerolen optreedt in de palmoliemengsels.
Aangezien geen literatuur bestaat die het gedrag van een monoacylglycerol in vloeibare
olie vergelijkt met water als solventsysteem en aangezien veel onzekerheid bestaat omtrent
deze materie, wordt dit onderwerp behandeld in het tweede deel van hoofdstuk 4. Door
het concentratiebereik uit te breiden tot 75% kon worden aangetoond dat, hoewel het
polymorf gedrag van de monoacylglycerolen gelijk is in beide systemen, de kristallisatie-
start concentratieonafhankelijk is in de watermengsels in tegenstelling tot de vloeibare
oliemengsels. Dit is waarschijnlijk te wijten aan de incompatibiliteit van de monoacyl-
glycerolen met water. Anderzijds was de overgangstemperatuur van de monoacylglycerolen
van de α tot de sub-α polymorf concentratieonafhankelijk in beide vloeibare omgevingen.
In beide systemen kristalliseerden de monoacylglycerolen in dubbellagen die lamellaire
structuren vormden. Bij een lage concentratie in water werden gesloten deeltjes gevormd
om direct contact tussen bulkwater en water geassocieerd met de dubbellagen te vermijden.
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Het langetermijnsopslaggedrag van palmolie gemengd met monopalmitine wordt behandeld
in hoofdstukken 5 en 6. In hoofdstuk 5 wordt het verouderingsproces van palmolie en palm-
olie gemengd met monopalmitine onderzocht. Verschillende concentraties monopalmitine
tot 8% werden toegevoegd aan palmolie en de mengsels werden bewaard bij drie isotherme
temperaturen (15, 20 en 28 ○C) gedurende vier weken. Het effect van veroudering werd
onderzocht met DSC, XRD, PLM en cryo-SEM. Er kon besloten worden dat de α tot β’
overgang gedurende de beginfases van een tweestapskristallisatie enkel een partie¨le over-
gang was en dat langdurige opslag nodig was voor een volledige overgang van de palm-
oliekristallen. Hoewel duidelijk was dat zuivere palmolie zeer stabiel was in de β’ polymorf
tijdens langetermijnsopslag, was dit niet langer het geval wanneer monopalmitine werd
toegevoegd aan palmolie. In deze mengsels gebeurde een transformatie tot de β polymorf.
Deze β kristallen verschenen als grote, naaldachtige kristallen die ongewenst zijn in vet-
producten aangezien ze een korrelig mondgevoel veroorzaken.
Omdat afschuiving belangrijk is in vele industrie¨le processen werd het effect van een initie¨le
afschuifstap op de vorming van β kristallen onderzocht. Twee verschillende afschuiftij-
den (1 min en 60 min) en twee verschillende afschuifsnelheden (1 s−1 and 100 s−1) werden
opgelegd met een reometer en de stalen werden opgevolgd gedurende verdere statische
kristallisatie met PLM en XRD. Alle monopalmitinemengsels vertoonden β vorming maar
wanneer de afschuiftijd lang genoeg was (60 min), werd de vorming van grote β kristal-
structuren verhinderd onafhankelijk van de toegepaste afschuifsnelheid.
Tot slot beschrijft hoofdstuk 6 het gebruik van SR-µ-XRD waarmee lokale structurele
informatie kan verkregen worden. Deze techniek werd gebruikt om te bepalen of en in welke
mate palmolietriacylglycerolen betrokken zijn bij de vorming van β kristallen, aangezien
hoofdstuk 5 hierover geen uitsluitsel kon geven. Daarnaast liet SR-µ-XRD analyse van
de stalen tijdens de beginfases van de kristallisatie toe om het gedetailleerde effect van
monopalmitine op de nucleatie van de palmoliekristallen te observeren. Voor deze studie
werd een mengsel van palmolie en 8% monopalmitine isotherm gekristalliseerd bij 20 ○C en
geanalyseerd kort na het bereiken van de kristallisatietemperatuur en na veroudering bij
20 ○C. SR-µ-XRD analyse toonde het template effect van het monoacylglycerol aan door
aan te tonen dat de palmoliekristallen georie¨nteerd werden door de vooraf gekristalliseerde
monopalmitine. Analyse van verouderde stalen maakte de structurele opbouw van de grote,
sferulitische β kristallen duidelijk, waarbij werd geconcludeerd dat deze enkel bestaan uit
monopalmitine kristallen. Verder kon worden aangetoond dat de monopalmitinekristallen
migreren en geconcentreerd worden gedurende veroudering door een proces van Ostwald
rijping, met de grote sferulitische kristallen als extreem voorbeeld van dit segregatieproces.
Outline of the research
Crystallization is of utmost importance in the processing and further handling (storage,
distribution) of fat-containing food products. To control the macroscopic properties of
fat-based foods, a thorough understanding of the underlying mechanisms and kinetics of
microstructural development is essential. The objective of this PhD research is to study
in-depth how monoacylglycerols (MAGs) influence nucleation, crystal growth and poly-
morphism of crystallizing fat systems. The outline of the research is presented in Figure 1,
showing that the research question was approached from different perspectives and using
different experimental techniques. Palm oil (PO) was chosen as fat system as it is the
world’s leading vegetable oil with a high productivity, low cost and a wide range of ap-
plications. As palmitic acid is one of the major fatty acids in palm oil, it was decided to
investigate the effect of monopalmitin (MP). A wide range of concentrations was used to
obtain a full understanding of the underlying mechanisms.
The first chapter gives some background information about fat crystallization, palm oil and
monoacylglycerols. Moreover, the effect of emulsifiers on fat crystallization is discussed with
special emphasis on monoacylglycerols.
The first part of the research (chapters 2, 3 and 4) focuses on the initial stages of the
fat crystallization process. In chapter 2, a multi-methodological approach was followed to
study the influence of monopalmitin on the crystallization mechanism of palm oil. Pure
monopalmitin (more than 99% pure) was chosen instead of a commercial monoacylglycerol
as the latter also contains small amounts of diacylglycerols and triacylglycerols (TAGs).
Despite its high price, pure monopalmitin permits attributing observed effects exclusively
to the monopalmitin. To investigate concentration effects, monopalmitin was added to palm
oil in four different concentrations: 1, 2, 4 and 8%. Above a certain cut-off temperature,
palm oil crystallizes directly into a β’ polymorph without prior formation of α crystals.
Therefore, the effect of temperature was included by crystallizing the blends at different
temperatures between 15 and 28°C.
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Figure 1: Outline of the research.
As pure monopalmitin is too expensive to be used in everyday applications, palm oil was
blended with a commercial monoacylglycerol containing monopalmitin (MyverolTM 18 04-
PK, referred to as Myverol) in chapter 3. The effects on the crystallization process were
compared with pure monopalmitin (chapter 2) and pure monostearin, the two main com-
ponents of the commercial monoacylglycerol.
In order to examine the behavior of the monoacylglycerols in the absence of crystallizing
palm oil TAGs, they were added to liquid oil in chapter 4. Chemical and structural affin-
ity between the palm oil TAGs and monopalmitin can result in co-crystallization of the
molecules. As it is unlikely that co-crystallization occurs in liquid oil, a comparison with
the behavior in palm oil can elucidate possible co-crystallization with the palm oil TAGs.
In literature, the behavior of monoacylglycerols in liquid oil is stated to be equal to the
behavior in water as much as it is stated to be different. To the best of our knowledge,
no study exists that compares the behavior of monoacylglycerols in both liquid oil and
water as solvent systems. Therefore, this chapter additionally aimed at filling this gap in
literature by elucidating differences and similarities between the behavior of a saturated
monoacylglycerol in liquid oil versus water.
3The long-term storage behavior is included in the second part of the research. In chapter 5,
the ageing process of palm oil blended with monopalmitin is discussed. Moreover, the effect
of an initial shear step on the ageing process was investigated.
In the last chapter, synchrotron radiation microbeam X-ray diffraction (SR-µ-XRD) was
applied to study the monopalmitin/palm oil blends. Using this technique, local structural
information was obtained, both during the initial stages of crystallization and after long-
term storage.
4 OUTLINE OF THE RESEARCH
Chapter 1
Literature study
The most exciting phrase to hear in science, the one that heralds the most discoveries, is
not ‘Eureka!’ (I found it!) but ‘That’s funny . . . ’
Isaac Asimov
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1.1 Fat crystallization
1.1.1 Introduction
Crystallization of fats is of high significance in food, cosmetic and pharmaceutical science
and technology (Rajah, 2014; Marangoni & Wesdorp, 2013; Gunstone & Harwood, 2007).
In the area of food technology, fats are important components of numerous products such as
margarine, shortenings, whipping creams and confectionery products. In all these products,
a significant amount of the fat is present in the crystallized form.
This section will introduce the basic principles of primary fat crystallization and its con-
trolling factors. This process starts with the generation of sufficient driving force. Once this
is attained, nucleation can start whereby crystals are generated by bringing molecules to-
gether so that a crystal lattice can be formed. From then on, further crystal growth occurs
(Hartel, 1992). It should be noted that nucleation and crystal growth occur simultaneously
once primary nucleation has been achieved (Hartel, 1992; Ghotra et al., 2002). Moreover,
the fat triacylglycerols (TAGs) may crystallize in different polymorphic forms. More infor-
mation on the fundamental aspects of fat crystallization can be found in the elaborated
reviews by Boistelle (1988), Hagemann (1988), Garside (1987), Kashchiev (2000), Aquilano
& Sgualdino (2001), Sato (2001), Himawan et al. (2006) and Marangoni & Wesdorp (2013).
1.1.2 Thermodynamic driving force
The driving force for crystallization is a difference in chemical potential ∆µ [J mole−1] (or
partial molar Gibbs free energy) between the liquid and the solid phase. The larger the
chemical potential difference, the larger the driving force for crystallization. A difference
in chemical potential is created via supersaturation or supercooling.
First, crystallization can be considered as from solution, whereby the lower melting TAGs
act as a solvent for the higher melting ones (the solutes). Crystallization is then achieved
when the system is supersaturated, i.e. the concentration of the solute exceeds the sat-
uration concentration. The driving force for crystallization or the difference in chemical
potential, ∆µ, between a supersaturated solution with a concentration C [m−3 or equiv-
alent] and saturated solution with a concentration Cs [m−3 or equivalent] is then given
by:
1.1. FAT CRYSTALLIZATION 7
∆µ = Rg × TK × ln σ = Rg × TK × ln C
Cs
(1.1)
with Rg the universal gas constant [8.314 J mole
−1 K−1], TK the absolute temperature [K],
ln σ the supersaturation [-] and CCs the supersaturation ratio σ [-].
Alternatively, crystallization can be considered as from the melt, whereby the temperature
of the fat needs to be decreased below the melting temperature of the highest melting TAG
in the mixture. Hence, the driving force for nucleation from the melt is proportional to
the difference between the actual temperature and the melting temperature. This temper-
ature difference is called supercooling or undercooling. In this case, the chemical potential
difference ∆µ can be written as:
∆µ = ∆Hm × TKm − TK
TKm
= ∆Hm × ∆T
TKm
(1.2)
with ∆Hm the molar enthalpy variation in the system during crystallization [J mole
−1],
TKm the absolute melting temperature [K] and ∆T the supercooling [K].
1.1.3 Nucleation
When the driving force created by supersaturation and/or supercooling is large enough,
nucleation occurs. Kashchiev (2000) defined this process as follows: ‘Nucleation itself is the
process of random generation of those nanoscopically small formations of the new phase
that have the ability for irreversible overgrowth to macroscopic sizes.’
Two types of nucleation can be distinguished: primary nucleation, which can be either
homogeneous or heterogeneous, and secondary nucleation (Marangoni & Wesdorp, 2013;
Walstra, 2003b; Kashchiev, 2000; Boistelle, 1988). Primary homogeneous nucleation occurs
in the absence of other phases and/or molecular species and requires supercooling up to
30 K (Kashchiev, 2000; Kloek, 1998). Spontaneous occurrence of homogeneous nucleation
rarely occurs in natural fats. Before the necessary supercooling is achieved, primary hetero-
geneous nucleation may occur due to the abundant presence of foreign surfaces in natural
fats, e.g. dust, minor components, the vessel wall, etc. The foreign surface, for which the
new phase has some chemical or physical affinity, orients the fat molecules so that a crystal
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lattice is more easily formed. In this way, a lower level of supercooling is required than for
homogeneous nucleation.
Once primary nucleation, whether homogeneous or heterogeneous, has occurred, it is easy
to imagine that the crystals already present exert a catalyzing effect in creating new nuclei.
This phenomenon is called secondary nucleation. There is, however, no generally accepted
theory for this phenomenon (Walstra, 2003b). Kloek (1998) and Garside (1987) distin-
guished three types of secondary nucleation: true, apparent and contact. In the case of
true secondary nucleation, nuclei are formed in the vicinity of a growing crystal, and thus
not at the surface. Apparent secondary nucleation occurs when shear forces produce sec-
ondary nuclei from an existing crystal while contact secondary nucleation results from the
collision of crystals with other crystals, crystallizer walls, impellers, etc.
The classical nucleation theory was developed at the end of the 19th and beginning of the
20th century but still remains the main framework for the understanding of nucleation
phenomena (Vekilov, 2010; Kashchiev, 2000). A detailed discussion can be found in the
work of Marangoni & Wesdorp (2013), Walstra (2003b), Boistelle (1988) and Hartel (1992).
1.1.4 Crystal growth
Crystal growth involves the diffusion of the fat TAGs from the mother phase across a
boundary layer as well as the incorporation of the TAGs into the crystal lattice of an ex-
isting nucleus or crystal (Marangoni, 2005). On the other hand, molecules will also become
detached from the crystal surface. The growth rate will be determined by the resultant of
the continuous transport of molecules across the crystal surface in both directions (Walstra,
2003a).
The solid-liquid interface plays a critical role in crystal growth (Himawan et al., 2006).
Traditionally, three distinct faces were described: kinked, stepped and flat faces (Boistelle,
1988; Aquilano & Sgualdino, 2001). Recently however, most researchers discuss two types
of solid-liquid interfaces, namely a smooth and a rough interface (Ghotra et al., 2002;
Himawan et al., 2006). The former is characterized by an atomically immediate change in
the degree of crystalline order across the solid-liquid interface, while a rough interface is
structurally diffuse with a continuously varying degree of crystalline order over the scale
of a few atomic planes across the solid-liquid interface (Asta et al., 2004). The probability
that a growth unit reaching the surface will be incorporated into the crystal is higher when
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the number of contact sites is higher. Therefore, the growth rate at a rough surface is
faster because the attachment involves contact with more molecules compared to only one
molecule in the case of a smooth surface. So crystal growth becomes more difficult as the
surface becomes smoother (Walstra, 2003a; Garside, 1987).
The relative growth rate of the different crystal surfaces will determine the overall mor-
phology or shape of the crystal. The slower the attachment rate at a certain surface, the
higher the probability that this surface will have a large surface area in the final crystal
habit (Himawan et al., 2006). The different surfaces of a TAG crystal can exhibit signifi-
cantly different surface roughnesses so that the growth rates of different planes can differ
greatly. This mostly results in spherulitic crystals consisting of needle-shaped ribbons as
discussed by Boerrigter et al. (2002) and Himawan et al. (2006).
1.1.5 Polymorphism
Polymorphism of fats refers to the fact that TAGs can crystallize in different crystal types
with the same chemical composition but differences in physical properties (melting point,
density, melting/crystallization heat, etc.). On melting, an identical liquid phase is ob-
tained.
Polymorphism based on longitudinal stacking
The three fatty acid chains of TAG molecules can pack into two configuration types. The
chair configuration has the acyl chain in the 2 position alongside the chain in either the
1 or 3 position with the remaining acyl chain in the opposite direction. The tuning fork
configuration has the chains in the 1 and 3 positions packed alongside each other while
the chain in the 2 position is alone. These two configuration types both pack in a chair-
like manner with either a double chain length (2L) or a triple chain length (3L) structure
(Figure 1.1) (Himawan et al., 2006). The 2L structure is formed when the chemical nature
of the three acyl chains is the same or very similar. When one or two of the acyl chains
is largely different from the others, the 3L structure is formed due to chain sorting (Sato,
2001).
The thickness of a crystal layer depends on the configuration type (2L or 3L), the chain
length and the degree of saturation of the constituting fatty acids and the angle of tilt
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Figure 1.1: Double chain length (2L) and triple chain length (3L) structure of TAGs in
a fat crystal (Marangoni, 2005).
between the TAG molecules and the methyl end group plane. This layer thickness or
‘long spacing’, mirroring the distance between the methyl end groups of the TAGs, can be
measured by small-angle X-ray scattering (SAXS) (Marangoni, 2005).
Polymorphism based on subcell packing
Different polymorphic structures are most apparent from a top view of the methyl end
group planes of the crystal layers which shows the subcell structure (Himawan et al.,
2006). Based on this subcell structure, three major polymorphic forms have been identified
in fats and oils: the α, β’ and β form (Marangoni, 2005). Figure 1.2 shows a schematic
representation of the cross-sectional view of the subcell structures of the three basic poly-
morphs. The interchain distances or ‘short spacings’ are indicated and can be measured
by wide-angle X-ray diffraction (WAXD). The longitudinal arrangement of the three basic
polymorphs is shown in Figure 1.3.
The α polymorphic form shows a hexagonal arrangement of the chains and no angle of
tilt with respect to the methyl end group plane. The fatty acid chains show no particular
orientation with respect to each other and are assumed to be oscillating with a high degree
of molecular freedom. The β’ polymorphic form is characterized by an orthorhombic per-
pendicular subcell packing. The fatty acid chains are tilted with respect to the methyl end
group plane (between 50 and 70○) and the zigzag planes of adjacent chains are out of step
with each other (‘perpendicular’). The β polymorphic form is the densest form having a
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Figure 1.2: Cross-sectional view of the subcell structure of the three basic polymorphs
with indication of the short spacings (Calliauw, 2008).
Figure 1.3: Longitudinal arrangement of the three basic polymorphs (Timms, 2003).
triclinic packing. The chains also have an angle of tilt between 50 and 70○ but the zigzags
of adjacent chains are in the same plane (‘parallel’) (Himawan et al., 2006; Timms, 2003;
Sato, 1999). The characteristics of the three basic polymorphs are summarized in Table 1.1.
The β and β’ polymorphs can have either a 2L or a 3L structure while the α polymorph is
normally only found in a 2L structure. In the latter polymorph, the chains are far enough
apart so that the zigzag nature of the chains does not influences the packing (Himawan
et al., 2006).
Some other polymorphic forms and sub-modifications exist besides the three basic poly-
morphs. Multiple β’ and β forms are observed in mixed-acid TAGs (Sato, 1999). Low-
temperature XRD experiments have demonstrated the existence of a sub-α polymorph,
sometimes also referred to as the γ polymorph. The short spacing pattern of this poly-
morph is similar to that of the β’ polymorph, but its melting point is lower than that of
the α polymorph and it shows no angle of tilt (Hagemann, 1988; Kellens, 1991).
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Table 1.1: Characteristics of the three basic polymorphs (Marangoni, 2005).
Characteristic α β’ β
Chain packing Hexagonal Orthorhombic Triclinic
Short spacing(s) 4.15 A˚ 3.8 A˚ and 4.2 A˚ 4.6 A˚
Density Least dense Intermediate Most dense
Melting point Lowest Medium Highest
Polymorphic transformations
TAG polymorphs are monotropic as one is more stable than the other regardless of tem-
perature. Hence, recrystallization will only take place in the direction of the more stable
form. This transformation is possible with or without melting of the solid phase, i.e. melt-
mediated or solid-state transformation (Marangoni, 2005; Sato et al., 1999). As depicted
in Table 1.1, the α polymorph is the least stable and will transform into more stable forms.
The thermodynamic stability relationships are illustrated in Figure 1.4a, showing the Gibbs
free energy values (G) as a function of temperature. The intersection of the G lines of each
polymorphic form with the liquid line gives the melting point. Figure 1.4b summarizes the
possible transformation pathways. It can be seen that the α, β’ and β forms can form
directly from the melt and that they can be returned to the liquid state by raising the
temperature. It is also clear that the α to β’ to β transformations are irreversible (cf.
monotropism) (Marangoni, 2005; Sato et al., 1999).
Although the most stable polymorphs have the lowest Gibbs free energy (Figure 1.4),
the unstable polymorphs nucleate more rapidly. This is illustrated in Figure 1.5. The α
polymorph has a lower surface free energy γ as it is closer in nature to the liquid phase.
This gives a lower critical activation energy for nucleation, causing a higher nucleation rate
for the α polymorph (Marangoni, 2005). It can thus be concluded that metastable phases
form for kinetic reasons and transform into stable phases for thermodynamic reasons.
The transformation from the α polymorph to the sub-α form is an enantiotropic transition,
meaning that each polymorph has its own definite range of stability (Hagemann, 1988).
Moreover, the transition is reversible on the condition that both polymorphs have the same
long spacing (2L or 3L) (Timms, 2003).
1.1. FAT CRYSTALLIZATION 13
Figure 1.4: (a) Relationship between the Gibbs free energy and the temperature and (b)
transformation pathways for the three basic polymorphs (Sato et al., 1999).
Figure 1.5: Critical activation energy for nucleation of a particular polymorph (kinetics)
and free energy difference between solid and melt (thermodynamics) (Marangoni, 2005).
1.1.6 Controlling factors
Both the chemical composition (TAGs and minor components) and the processing condi-
tions (time, temperature, shear) influence the primary crystallization process of fats. Not
only when and to what extent the fat crystallizes, but also polymorphism, polymorphic
transitions and crystal morphology are influenced.
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Primary crystallization requires a thermodynamic driving force, or a difference in chemical
potential, which can be obtained by supersaturation or supercooling. Equations 1.1 and
1.2 illustrate that the actual temperature determines the degree of supersaturation and
supercooling. The lower the temperature, the higher the driving force for nucleation will be.
Consequently, many nuclei are formed when the temperature is low, resulting in many small
crystals. When the temperature is higher, only a few large crystals are formed (Walstra,
2003b; Timms, 2003).
Application of shear flow mostly accelerates primary crystallization, affecting the crystal
size and the formation of certain polymorphic forms (Mazzanti et al., 2003; De Graef et al.,
2009; Sonwai & Mackley, 2006; MacMillan et al., 2002). Next to shear flow, ultrasound and
magnetic fields have recently been examined as other possible techniques to control the
crystallization process (Higaki et al., 2001; Ueno et al., 2003; Miura et al., 2004). Using
these techniques, local pressure is created which induces a higher local supersaturation
giving rise to a faster nucleation.
With time, changes in polymorphism, composition and morphology of the fat crystals may
occur (Walstra et al., 2001). Ostwald ripening is a spontaneous process whereby a crystal
population exhibiting different crystal sizes attempts to reduce the total surface energy
of the dispersed phase. As a consequence, the crystal size distribution shifts to larger
sizes as larger crystals grow at the expense of the smaller ones which disappear (Aquilano
& Sgualdino, 2001). Ostwald ripening is very fast for crystals smaller than 1µm, fast for
crystals larger or equal to 1µm and negligible for crystals reaching about 100µm (Marqusee
& Ross, 1984).
Temperature, time and shear effects are combined when tempering is applied in order to
induce the formation of more stable polymorphs. It is the most common technique used in
chocolate confectionery to control the polymorphic crystallization (Himawan et al., 2006).
Finally, impurities, including both structures bearing little resemblance to the crystallizing
molecules as well as minor components demonstrating a certain degree of similarity, can
have different effects on both nucleation and crystal growth. They can either enhance
nucleation or suppress it by interference with the formation of stable nuclei. Similarly,
crystal growth can be retarded or enhanced by the presence of impurities (Marangoni,
2005; Smith et al., 2011). The effect of emulsifiers, which are minor components having a
high degree of similarity with the crystallizing TAGs, on fat crystallization will be more
elaborately discussed in section 1.4.
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1.2 Palm oil
1.2.1 Introduction
Palm oil (PO) is one of the most consumed vegetable oils in the world. It is found in
thousands of everyday products, such as cosmetics (soap, lipstick, shampoo, etc.) and food
products (margarine, bread, ice cream, pastry, chocolate, cereals, chips, etc.). In 2005,
one in 10 products sold in UK supermarkets contained palm oil (Friends of the earth,
2005). More recent numbers state that palm oil is contained in about 50 % of packaged
foods on the shelfs (www.worldwildlife.org, www.rspo.org, www.sustainablepalmoil.org).
The estimated world consumption of palm oil by country in 2013 is shown in Figure 1.6.
India, Indonesia and China are the three largest consumers. The EU-27 follows with an
estimated consumption of about 3 million T.
Figure 1.6: Palm oil food use domestic consumption by country in 1000 MT, year of
estimate: 2013 (source: www.indexmundi.com).
Production of palm oil occurs mainly in Indonesia (31 million T in 2013) and Malaysia
(19.2 million T in 2013). Thailand is the third largest producer with a production of
2.1 million T in 2013 (www.indexmundi.com). Palm trees bear fruit from the third year
after planting which continues for about 25 years (Gunstone & Harwood, 2007). Two types
of oil are obtained from the fruit, palm oil (rich in palmitic and oleic acid) from the meso-
carp and palm kernel oil (rich in lauric acid) from the kernel inside the nut (Siew, 2002).
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After harvesting, the fruit bunches are transported to the palm oil mills where crude oil
is produced by mechanical and physical extraction processes (Gunstone & Harwood, 2007;
Siew, 2002). In order to become acceptable for human consumption, the crude oil must
be purified. Several refining treatments are carried out to remove undesirable constituents.
Palm oil is generally refined by a physical process, comprising degumming, bleaching and
deodorization (Gibon et al., 2007).
The success story of palm oil can be attributed to several factors. First of all, palm oil
has a productivity of up to 5 tons of oil per hectare, which is higher than for any other
edible oil crop, and is economical to produce (Berger, 2001). Furthermore, palm oil is a
unique oil among all vegetable oils, with functional properties other oils do not have. As it
is semi-solid at room temperature, it forms an ideal hard stock to be used in trans fat-free
products (Siew, 2002; Berger, 2001). Moreover, the presence of natural antioxidants and
the moderate amount of polyunsaturated fatty acids give palm oil a high oxidative stability
at high temperatures. It is thus very suitable for frying applications (Berger, 2001).
However, the production of palm oil has become a sensitive topic. As millions of hectares
across Malaysia, Indonesia and Thailand are covered with palm oil plantations, environ-
mental issues arise such as deforestation, animal extinction and peatland destruction (Tan
et al., 2009). These issues provoke numerous reactions and have led to the launch of sev-
eral initiatives guiding palm oil producers towards a sustainable palm oil production. A
well-known example is the roundtable on sustainable palm oil (RSPO), which was formally
established in 2004 as a non-profit organization aiming at the production, procurement,
finance and use of sustainable palm oil products. RSPO has members in over 50 countries,
although only 14% of the oil is currently certified as sustainable (RSPO 2012).
1.2.2 Chemical characteristics
Fatty acid composition
Palm oil has a balanced fatty acid composition with an almost equal level of saturated
and unsaturated fatty acids (O’Brien, 2010; Ebong et al., 1999). Palmitic acid is the major
saturated fatty acid (44-45%) while oleic acid is the major unsaturated fatty acid (39-40%).
Linoleic acid (10-11%) and stearic acid (5%) constitute most of the remainder fatty acids
(Siew, 2002; Sambanthamurthi et al., 2000). Table 1.2 shows the average fatty acid com-
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position of 244 Malaysian palm oil samples produced in 1990 and not differing significantly
from a similar study conducted in 1981 (Siew, 2002). The low level of polyunsaturated
fatty acids makes palm oil relatively stable to oxidation. The iodine value generally ranges
from 51 to 55 (Gunstone & Harwood, 2007).
Table 1.2: Fatty acid composition of palm oil (Siew, 2002).
Fatty acid % w/w
C12:0 0.2
C14:0 1.1
C16:0 44.1
C16:1 0.2
C18:0 4.4
C18:1 39.0
C18:2 10.6
C18:3 0.3
C20:0 0.2
It is generally known that a positive correlation exists between saturated fat intake and
increased levels of plasma total cholesterol in humans, with especially lauric, myristic and
palmitic acid being equally cholesterol raising (atherogenic fatty acids). Recommendations
driving consumers to avoid saturated fats and choose polyunsaturated and monounsat-
urated oils instead, are embodied in almost every major national health report focused
at reducing the incidence and mortality from coronary heart disease (Sambanthamurthi
et al., 2000). As palm oil is rich in the atherogenic fatty acid C16:0 and its consumption
has greatly increased, the Belgian Health Council has recently published a recommendation
to limit or lower the consumption of products with a high palm oil content (pastries and
cakes, ready-made dishes, pizzas, quiches, sweet biscuits and bars, certain sweet spreads,
margarine, etc.). For the moment, it is not obliged to mention the type of fat present
in food products, hence palm oil is often denoted as ‘vegetable oil’. However, declaration
of the fat source will be made obligatory in Europe from December 2014 onwards (EU
Regulation 1169/2011).
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Triacylglycerol composition
The major TAGs in palm oil are POP (dipalmitoyl-oleoyl-glycerol, around 30%), POO
(dioleoyl-palmitoyl-glycerol, around 20%), PLO (palmitoyl-linoleoyl-oleoyl-glycerol, around
10%) and PLP (dipalmitoyl-linoleoyl-glycerol, around 10%). The fully saturated PPP
(tripalmitoyl-glycerol) constitutes around 5% (Gunstone & Harwood, 2007). The sn-2 po-
sition is mainly occupied by oleic acid. However, palm oil contains more saturated fatty
acids in the sn-2 position than normal vegetable oils (O’Brien, 2010; Gunstone & Harwood,
2007; Siew, 2002; Smith, 2001).
Other components
Crude palm oil has a high free fatty acid amount, although, as a pulp oil, it is usually
extracted close to the location of origin to reduce enzymatic reactions caused by mechanical
stress and ageing as much as possible (Sambanthamurthi et al., 2000). However, these
fatty acids are removed during refining. Furthermore, palm oil is known to have higher
levels of diacylglycerols (DAGs) than other vegetable oils (Gunstone & Harwood, 2007).
In oil from immature fruit, the 1,2 isomers, resulting from the biosynthetic TAG formation
pathway, predominate over the 1,3 isomers. As the fruit matures, the amount of 1,3 isomers
gradually increases. In commercial palm oil, the 1,3 DAGs are predominant, as in most
vegetable oils. The ratio of 1,3 to 1,2 isomers is also higher in bruised fruits. According
to Jacobsberg & Ho (1976), isomerisation of 1,2 DAGs to 1,3 DAGs occurs in bruised
fruits and commercial oils. The ratio of 1,3-1,2 DAGs can be used as an indication of the
storage conditions and quality of the oil (Sambanthamurthi et al., 2000). PP (dipalmitoyl-
glycerol), PO (palmitoyl-oleoyl-glycerol) and OO (dioleoyl-glycerol) are the major DAGs
present in palm oil. The composition is influenced by the degree of fruit ripeness and the
extent of hydrolytic degradation. DAGs are difficult to remove by refining due to their
low volatility (Sambanthamurthi et al., 2000). It was found that the transformation of the
α crystals to the β’ polymorphic form is accelerated when the DAGs are removed from
palm oil (Persmark et al., 1976). Moreover, DAGs inhibit the crystallization of palm oil
during the fractionation process and cause cloudiness of palm olein during storage at room
temperature (Sambanthamurthi et al., 2000; Siew, 2001). In contrast to the DAG content,
the monoacylglycerol (MAG) content in crude palm oil is usually below 1% and even lower
in refined oil (Sambanthamurthi et al., 2000; Smith, 2001).
1.2. PALM OIL 19
Crude palm oil is rich in valuable minor components such as carotenes, tocopherols, to-
cotrienols, sterols and squalene (Goh et al., 1985; Sambanthamurthi et al., 2000). Some of
these components are partially removed during the refining process, of which the condi-
tions determine the retained amounts (Siew, 2002). The dark red-orange colour of crude
palm oil is caused by the carotenoids present (400-1000 ppm). α-carotene and β-carotene,
which have vitamin A activity, are the major components. Besides being used as a natural
food pigment, most carotenoids have antioxidant properties and dietary carotenoids (more
than a single carotenoid) are assumed to have cancer preventative properties (Siew, 2002;
Tan et al., 2007; Khosla, 2006; Donaldson, 2004; Fraser & Bramley, 2004). Tocopherols
and tocotrienols (vitamin E) are important antioxidants in palm oil of which the latter
has been shown to have anti-carcinogenic potential based on in vitro studies and studies
in animals (Siew, 2002; Tan et al., 2007; Khosla, 2006; Wong & Radhakrishnan, 2012).
However, the relevance and applicability to humans is as yet unclear (Khosla, 2006; Wong
& Radhakrishnan, 2012). Phospholipid content in crude palm oil is low (5 to 130 ppm)
(Gunstone & Harwood, 2007; Tan et al., 2007). Like in other vegetable oils, cholesterol is
present only at minimal levels (Siew, 2002; Sambanthamurthi et al., 2000).
1.2.3 Physical characteristics
Solid fat content
The consistency of an oil or fat, related to the solid fat content (SFC), determines possible
applications and usage. Palm oil is semi-solid at room temperature, explaining its extensive
use in the production of margarines and shortenings (Nor Aini & Miskandar, 2007). An
SFC profile based on 244 analyzed palm oil samples is given in Table 1.3. The SFC is
about 50% at a temperature of 10 ○C and is half reduced when this temperature rises to
20 ○C. Differences in fatty acid and TAG composition, as well as in the DAG level, cause
variations in SFC (Siew, 2002). When 10% of DAGs were added to palm oil, the SFC was
reduced with 20% (Siew & Ng, 1999).
Crystallization and melting
Crystallization and melting characteristics of palm oil can be determined using the differ-
ential scanning calorimetry (DSC) technique. During cooling, palm oil crystallizes into two
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Table 1.3: Solid fat content of palm oil (Siew, 2002).
Temperature (○C) SFC (%)
10 53.7
15 39.1
20 26.1
25 16.3
30 10.5
35 7.9
40 4.6
distinct fractions, palm stearin and palm olein. This explains why palm oil is an excellent
oil for fractionation, producing fractions enriched in either saturated or unsaturated TAGs
(Siew, 2002). During heating, palm oil shows a melting range rather than a single melting
point. This is due to the wide range of TAGs present in palm oil, each having their own
melting point. Palm oil has a final melting point between 35 and 45 ○C (Smith, 2001).
In contrast to the quite simple crystallization and melting behavior, the isothermal crystal-
lization behavior of palm oil is somewhat more complex. Several studies have demonstrated
that the isothermal crystallization behavior of palm oil is dependent on temperature. At
high degrees of undercooling, palm oil crystallizes in two steps. Above a certain cut-off
temperature, palm oil displays a one-step crystallization. Different cut-off temperatures
ranging from 22 to 25 ○C were found (Chen et al., 2002; Kawamura, 1980; Ng & Oh, 1994).
Fredrick et al. (2008) still observed a two-step crystallization at 25 ○C. These differences
can probably be attributed to a difference in experimental conditions on the one hand
and a difference in palm oil composition (variation in geographical origin or species) on
the other hand. Furthermore, disagreement exists on the details of the two crystallization
steps of palm oil. Kawamura (1979), Fredrick et al. (2008) and Mazzanti et al. (2005) asso-
ciated the two-step crystallization with a polymorphic transition from α to β’. According
to Chen et al. (2002), the crystallization of α crystals is followed by the crystallization of β’
crystals, resulting in a coexistence of both polymorphs. They suggest that transformation
of the metastable α crystals might occur only after prolonged storage.
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1.2.4 Food applications of palm oil and its fractions
The balanced fatty acid composition of palm oil with an almost equal level of saturated
and unsaturated fatty acids allows an easy fractionation into products enriched in either
saturated or unsaturated TAGs. Palm oil and these fractions are extensively used raw
materials in the food industry. They are chosen for their technical suitability, low cost,
ready availability and low processing cost. Almost 90% of the palm oil traded worldwide
is used in food applications such as cooking and frying oils, margarines, shortenings and
specialty fats. Next to these major application areas, palm oil is also used in snack foods,
biscuits, ice creams, salad dressing, mayonnaise, etc. These food products all have an
important role of fat in common. Formulations based on palm oil products can replace
some of the fat products used traditionally in these products (Siew, 2002).
Cooking and frying oils
Frying is probably the biggest single application of palm oil products worldwide (Berger,
2001). Frying is a popular technique as it has a number of advantages. Not only is the
food cooked quickly, also interesting flavours and an attractive look are developed. Frying
is carried out in oil at a temperature of 170 − 185 ○C (Berger, 2001). An appropriate frying
oil must have a high oxidative stability to prevent a rapid deterioration of the oil at these
high temperatures. Palm oil and its fractions, especially palm olein, meet this requirement
due to their low amount of unsaturated and in particular polyunsaturated fatty acids
(Siew, 2002). Moreover, palm oil contains natural antioxidants of the tocol group. These
are present in a markedly higher proportion in relation to the amount of polyunsaturated
fatty acids than in other oils (Berger, 2005). Palm oil and its fractions are applied for
frying food products such as chips, crackers, cookies, pastries, doughnuts, fries and instant
noodles (Siew, 2002).
A liquid cooking oil sold in the supermarket should be clear at the temperature of the
supermarket. This cold stability increases as the unsaturation of the palm olein increases
due to a lower melting point and cloud point. Palm olein may be blended with a more
unsaturated vegetable oil to improve the physical stability beyond that attainable with
palm olein alone (Berger, 2005).
Margarines and shortenings
Margarine, initially developed in 1869 to replace dairy butter, is a water-in-oil emulsion
containing 80% fat. Next to water and fat, also vitamins and other ingredients are present.
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Nowadays, margarine is a tailor-made fat product of which the properties are adjusted to
different types of applications. On the other hand, shortenings are anhydrous fat products.
Once referred to as natural fats that were solid at room temperature and used to ‘shorten’
baked products, they are now referred to as 100% fat products formulated with animal
and/or vegetable oils that have been processed for functionality (Nor Aini & Miskandar,
2007).
Margarines and shortenings are viscoelastic and semi-solid products in which the liquid oil
is entrapped in a network structure of solid fat crystals. Palm oil forms an ideal component
for the production of margarines and shortenings since it is naturally semi-solid at room
temperature (Nor Aini & Miskandar, 2007). In addition, palm oil is highly stable in the β’
polymorph because of the diversity in fatty acid chain length. This yields relatively small
crystals which give a smooth texture to margarines and shortenings (Sato, 1999; Siew,
2002). Palm oil thus provides consistency, texture and structure to these products without
the need for hydrogenation. Moreover, palm oil makes margarines and shortenings resistant
against oxidation due to the low amount of polyunsaturated fatty acids and the presence
of natural antioxidants (Nor Aini & Miskandar, 2007).
The use of natural palm oil is usually limited to 15 % or less due to its slow crystallization
rate causing graininess and post-hardening. Both the olein and stearin fraction of palm oil
are applied in certain margarine blends. Palm olein is a useful source of liquid oil in con-
sumer margarine oil formulations (O’Brien, 2010). Palm stearin is suitable for margarines
made from liquid oils (Siew, 2002). Palm stearin is also widely used in the manufacturing
of shortening, where it is blended with liquid oils such as sunflower, cottonseed, soybean,
corn and canola oil (Nor Aini & Miskandar, 2007).
Cocoa butter equivalents
A cocoa butter equivalent (CBE) is a non-lauric fat rich in symmetrical disaturated TAGs.
It behaves like cocoa butter and is compatible with cocoa butter in all proportions (Siew,
2002). Palm mid fraction (PMF), obtained from palm oil via multi-stage fractionation, can
be used as a major component of CBEs (Berger, 2001). As it has a high content of POP, it
is blended with SOS (distearoyl-oleoyl-glycerol) rich fats such as shea, illipe and sal stearin
to produce CBEs (Siew, 2002).
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1.3 Monoacylglycerols
1.3.1 Introduction
A MAG is a monoester from glycerol and a fatty acid. The fatty acid can be esterified at
either one of the three carbons of glycerol giving rise to three positional isomers: the chiral
1- and 3-MAGs (commonly referred to collectively as 1-MAGs) and the achiral 2-MAGs
(Craven & Lencki, 2013). Figure 1.7 shows a 2-MAG with R representing an unbranched
aliphatic chain. In the case of an unsaturated MAG, the chain contains one or more double
bonds. Otherwise, the MAG is saturated. 2-MAGs are less stable than 1-MAGs (Droste,
1972). The ratio between the two isomers is temperature dependent, as shown in Table 1.4.
Acyl migration can take place independent of enzyme catalysis (Li et al., 2010). The rate
constant of the equilibrium reaction depends on fatty acid composition, crystal form and
traces of basic catalysts present. At room temperature, the acyl migration rate is very low
but the rate increases drastically with the increasing of temperature. Commercial distilled
MAGs usually contain from 90 % to about 95 % 1-MAGs (Krog & Sparso, 2004; Li et al.,
2010).
Figure 1.7: 2-MAG with R representing an unbranched aliphatic chain.
Table 1.4: Equilibrium ratios of 1- and 2-MAGs (Krog & Sparso, 2004).
Temperature 1-MAGs 2-MAGs
(°C) (%) (%)
20 95 5
80 91 9
200 82 18
The melting point of a MAG is higher than the equivalent fatty acid or TAG (Droste,
1972). The melting point also increases with increasing chain length of the MAG (Hage-
mann, 1988). MAGs have a lipophilic character with a low HLB number (3-6) (Moonen
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& Bas, 2004). They are permitted for use ‘quantum satis ’ in food products within the
EU (E-number 471) and hold a GRAS (generally recognized as safe) status in the US
(Hasenhuettl, 2008).
Commercial MAGs are produced most commonly by interesterification (glycerolysis) of
glycerol and an animal or vegetable fat or oil, which may be fully or partially hydrogenated.
Consequently, industrially produced MAGs have a multicomponent composition reflecting
the chain length distribution of the source of raw material used. The reaction of TAGs and
glycerol takes place at high temperature (200-260 ○C) under alkaline catalysis, yielding a
mixture of MAGs, DAGs, TAGs and unreacted glycerol (Krog & Sparso, 2004). Next, a
molecular distillation process is performed to produce a distilled MAG by separating the
MAGs from the other components. A typical distillate contains 95 % MAGs, 3-4 % DAGs,
0.5-1 % free glycerol and 0.5-1 % free fatty acids (Krog & Sparso, 2004). To produce MAGs
with a narrow fatty acid profile, the desired fatty acids can be esterified with glycerol (Krog,
2001). A third possibility is enzymatic synthesis in order to produce stereospecific MAGs.
However, this method is not commonly used in large-scale production, as the isolation of
the desired products from the reaction mixture remains a problem (Krog & Sparso, 2004).
1.3.2 Crystallization behavior of monoacylglycerols
Like TAGs, MAGs and also DAGs have a certain crystallization behavior, including poly-
morphism. Saturated MAGs can exist in four different polymorphic forms: sub-α, α, β’
and β.
Alpha When MAGs are cooled after melting, they crystallize in the metastable α form.
This form has the lowest melting point and has a strong X-ray short spacing line at
4.15 A˚, similar to the α polymorph formed by TAG species.
Sub-alpha When the α form is cooled 35-50 ○C below its crystallization point, it trans-
forms into a sub-α form. This enantiotropic transition is reversible and occurs via the
solid state. As a consequence, sub-α forms do not have a melting point. However, the
enthalpy change associated with the transition can be measured by DSC and yields a
‘melting point’ (i.e. the peak temperature) (Krog, 2001; Hagemann, 1988). Lutton &
Jackson (1948) could follow the transition from α to sub-α with the microscope, as
the transition was accompanied with the appearance of many little shrinkage cracks.
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The sub-α form has an orthorhombic symmetry similar to the β’ polymorph. A
second sub-α transition is observed for MAGs with a chain length of at least 18
carbon atoms (Vereecken et al., 2009b). The sub-α1 and sub-α2 polymorph have
very similar diffraction patterns (Lutton, 1971; Watanabe, 1997). However, the short
spacings of the sub-α2 polymorph are shorter than those of the sub-α1 polymorph,
indicating a closer-packed crystal structure (Watanabe, 1997).
At room temperature, both monostearin and monopalmitin exist in the sub-α form.
According to Lutton & Jackson (1948), monopalmitin sub-α persists about 30 days
at room temperature while monostearin sub-α persists for more than 120 days.
Beta prime The β’ form can only be obtained by crystallization from solvent (Lutton &
Jackson, 1948). Distilled MAGs do not have a β’ form (Krog, 2001).
Beta MAGs in the β form are obtained by slow crystallization from solvent or by trans-
formation from the α or the β’ form (Lutton & Jackson, 1948). Lutton & Jackson
(1948) reported that 1-monopalmitin transformed to β in four hours at 60 ○C. The β
form is the most stable form with the highest melting point.
Remarkably, it has been confirmed that all the polymorphs of a given MAG have almost
identical long spacings, corresponding with tilted chains in a double chain length structure
(Lutton, 1971). The long spacings of C12 until C22 saturated MAGs as determined by
Vereecken et al. (2009b) for the β polymorph are shown in Figure 1.8. Krog & Sparso
(2004) state that MAGs maintain an ordered structure in the melt, as a diffuse long spacing
line at 30 A˚ is observed above the melting point.
Unsaturated MAGs are less studied because they are less used in food applications. The
polymorphism of both saturated and unsaturated MAGs was investigated by Vereecken
et al. (2009b). In the case of unsaturated MAGs, only one polymorph, the most stable β
polymorph, could be found.
Commercial MAGs have a mixed fatty acid profile, which affects their melting and crys-
tallization properties. In general, they have lower melting and crystallization temperatures
and a less complicated polymorphic behavior compared to pure components. The forma-
tion of the sub-α polymorph also occurs at a lower temperature when the fatty acid profile
is more complex (Krog, 2001).
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Figure 1.8: Long spacings (A˚) of the β polymorph of saturated MAGs as a function of
their carbon number (Vereecken et al., 2009b).
1.3.3 Behavior of monoacylglycerols in a liquid environment
Behavior of monoacylglycerols in water
A characteristic feature of MAGs, which is abundantly described in literature, is their abil-
ity to form lyotropic mesophases or liquid crystals. MAGs crystallize in bilayers and are
normally insoluble in water. However, when a mixture of MAGs and water is heated, the
hydrocarbon chains become liquid at a certain temperature while at the same time water
penetrates between the bilayers along the plane of the glycerol head groups. This results
in the formation of liquid crystalline phases. The introduction of the liquid chain concept
by Chapman (1958) was an important step towards the elucidation of these phases. He
demonstrated the phenomenon of the melting of hydrocarbon chains. This occurs because
the van der Waals forces between hydrocarbon chains are weaker than the hydrogen bond-
ing between the polar head groups (Nawar, 1996). Only a few years later, Luzzati et al.
(1960) revealed the structure of the most common liquid crystalline phases.
Several types of liquid crystalline phases are possible dependent on the MAG/water ratio
and the temperature. In literature about this subject, phase diagrams are often shown with
the amount of water on the x-axis and the temperature on the y-axis. Different regions in
the phase diagram define different physical structures (Stauffer, 2005). Figure 1.9 shows
examples for aqueous systems of MAGs with different chain lengths and a water content
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up to 50 %. The phase regions for systems containing unsaturated MAGs are similar to
those for saturated MAG systems but they occur at lower temperatures. The mesophases
of unsaturated MAG systems can thus occur at room temperature.
Figure 1.9: Phase diagrams of aqueous systems of MAGs with different chain lengths
(Lutton, 1965).
Figure 1.10 shows the three main mesophase structures. Just above the melting point of
the MAG, a lamellar mesophase is formed, termed neat in old literature. This rather fluid
mesophase consists of lipid bilayers alternated by water layers. If the water content is
raised above the swelling limit of the lamellar mesophase, a transformation into spherical
multilamellar vesicles (liposomes) occurs, also called a lamellar dispersion (Stauffer, 2005).
The formation of closed vesicles with preserved lamellar structure avoids direct contact
between bulk water molecules and water molecules associated with the lipid bilayers (Krog,
1997).
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At higher temperatures, a cubic mesophase is formed. The structure of this sticky phase
has a 3D periodicity and has been described by several authors in different ways, such
as water spheres surrounded by MAGs (Stauffer, 2005; Lauridsen, 1976; Larsson, 1967)
or a continuous lipid phase intermixed with a continuous water phase (Lindblom et al.,
1979; Luzzati et al., 1968). The cubic phase is isotropic so it cannot be characterized by
ordinary optical observations. Moreover, it has a high viscosity, explaining why this phase
is often referred to as the viscous isotropic phase. In the case of saturated MAGs, the cubic
phase is formed only above 70 ○C, whereas it exists at room temperature in the case of
unsaturated MAGs (Sagalowicz et al., 2006). Phase behavior of water/unsaturated MAGs
is abundantly studied because the cubic phase, existing at room temperature, is interesting
for pharmaceutical applications.
The third important mesophase is the hexagonal mesophase, consisting of cylinders which
are hexagonally arranged. Type I has the lipophilic tails inside the cylinder and the hy-
drophilic head groups on the surface. Type II is found in MAG/water systems and has a
reversed geometry, with the lipophilic tails on the outside and the hydrophilic head groups
inside the cylinder (Figure 1.10) (Hasenhuettl, 2008; Stauffer, 2005). As can be seen in
Figure 1.9, a fluid isotropic phase (the L2 phase) is formed at low water concentrations
(Larsson, 1979).
Figure 1.10: Three mesophase structures (Krog, 1981).
When a mixture of commercial distilled MAGs and water is heated, a gel phase is formed
a few degrees below the transition to the lamellar phase. This is in contrast to pure MAGs,
where the transition to the lamellar phase occurs directly without the formation of an
intermediate gel phase. The gel phase is formed because the water penetrates between the
polar groups before the hydrocarbon chains become liquid (Krog & Borup, 1973). The exact
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temperature of gel formation depends on chain length and purity of the MAG (Moonen &
Bas, 2004).
The interlayer spacing in the lamellar phase of non-ionic MAGs is determined by the
balance between the long-range van der Waals forces and the osmotic repulsion between
the lipid bilayers. In this way, a water layer thickness of about 20 A˚ is reached in various
systems (Larsson & Krog, 1973). As investigated by Van de Walle et al. (2008), introducing
charged groups on the surface of the lipid bilayers leads to an increased swelling (thicker
water layers), a higher temperature stability of the lamellar phase (the transition to the
cubic phase is shifted to higher temperatures) and an expansion of the lamellar phase into
the higher water content region. This is due to the creation of electrical repulsive forces.
The introduction of a charge can be accomplished in different ways, such as the addition
of a base which will neutralize the present free fatty acids (formation of −COO− group) or
addition of anion-active substances. In contrast, addition of a salt counteracts the working
of an anionic co-emulsifier by shielding the electric repulsion (Van de Walle et al., 2008).
If the lamellar phase or dispersion is cooled, a gel phase is formed with an ointment-like
consistency (Heertje et al., 1998). The gel phase is called the α-gel as it is the hydrated form
of the α polymorph. The α-gel also has a lamellar structure but the hydrocarbon chains
are now in a crystalline state. The gel consistency of this phase is due to the possibility
of the lipid bilayers to slide in relation to one another (Larsson, 1967). The transition
temperature from lamellar to gel phase is called the Krafft temperature.
The α-gel phase is metastable and shows a time dependent phase transition to the coagel
phase with a more fat-like consistency (Heertje et al., 1998). This transition includes a
transformation from α to β and a conversion of the bilayers to crystal plates. These crystal
plates form a network that can contain up to 50 times its weight in water (van Duynhoven
et al., 2005). The transition to the coagel phase can take minutes or several months,
depending on composition, processing and temperature (Heertje et al., 1998). Van de Walle
et al. (2008) showed a positive correlation between the temperature-stability of the lamellar
dispersion (influenced by the presence of electric repulsion forces) and the time-stability
of the resulting alpha-gel. Larsson & Krog (1973) mentioned that a gel phase with a high
water content is very sensitive for mechanical disturbances. When it is stirred, even very
carefully, it transforms into the coagel phase in the region in contact with the stirrer.
Figure 1.11 shows the phase transitions of water/MAG systems at and below the Krafft
temperature. Both the α-gel phase and the coagel phase convert into the lamellar phase
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when heated above the Krafft temperature. The enthalpy change associated with this
conversion can be followed with DSC. For the coagel to lamellar phase transition, the
enthalpy change is twice as high as for the α-gel to lamellar phase transition. The coagel
index is the ratio of the enthalpy changes when heating and cooling and has a value between
1 and 2, depending on the α-gel and coagel presence in the sample (Heertje et al., 1998).
Figure 1.11: Phase transitions of water/MAG systems (Heertje et al. (1998)).
The α-gel and coagel both have a fatty mouthfeel but have a different hardness and foaming
capacity. The α-gel is mostly applied in aerated products, such as whipped cream, mousses,
toppings and (frozen) desserts. The coagel phase has a higher hardness and can be used
in fatty spreads. It must be mentioned that a coagel with a proper consistency can only
be formed from a strongly swollen system, for example due to the presence of a charged
co-emulsifier (Heertje et al., 1998).
The liquid crystalline phases can be identified unambiguously by their X-ray diffraction
patterns. At wide angles, they all show a weak and relatively diffuse peak at about 4.5 A˚,
indicating that the hydrocarbon chains are arranged as in a liquid hydrocarbon (Kelker
et al., 1980). However, at small angles, characteristic diffraction peaks are observed. The
lamellar phase gives several orders peaks with Bragg spacing ratios of 1:2:3:4. From these
peaks, the bilayer and water thickness and the cross section per polar head group can be
determined (Larsson & Krog, 1973). The hexagonal phase shows a series of Bragg spacings
in the ratio of 1:
√
3:
√
4:
√
7 (Luzzati et al., 1960). Finally, three types of cubic phases
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can be distinguished by their characteristic repeating Bragg spacing ratios (Lindblom &
Rilfors, 1989). When the lamellar phase transforms to the α-gel, a short spacing peak at
4.15 A˚ appears, indicating the transformation of the hydrocarbon chains into an ordered
hexagonal packing. The similarity with bulk MAGs explains why the α-gel is called the
hydrated form of the α-polymorph (Morley & Tiddy, 1993). In the same way, the molecular
arrangement of the coagel phase is identical to that found in bulk β-crystals of MAGs.
The presence of TAGs in water/MAG systems yields a much more complicated phase
behavior but this is beyond the scope of this literature review.
Behavior of monoacylglycerols in liquid oil
Many authors assume that the phase behavior of MAGs in liquid oil is similar to that in wa-
ter. Surprisingly however, only a limited number of authors have investigated MAG/liquid
oil systems in detail.
Ojijo et al. (2004b) reported the possible use of MAG/liquid oil systems as a healthy
substitute for margarine and butter due to the formation of a gel network upon cooling.
This gel network was assumed to be an α-crystalline gel, similar to aqueous systems.
Moreover, a liquid crystalline lamellar phase was assumed to exist before gel formation
during cooling. A coagel mesophase was found to form during storage (Ojijo et al., 2004a).
Chen et al. (2009) conducted a more detailed investigation of the phase behavior of a
commercial C18 MAG in hazelnut oil. Their proposed phase diagram, as determined by
DSC, is shown in Figure 1.12 and displays three phases. On cooling the well-mixed liquid
isotropic phase, an inverse lamellar phase is formed with the hydrophobic head groups now
situated in the middle of the bilayer. This phase rheologically behaves like an elastic gel, as
opposed to the fluid behavior of the aqueous lamellar phase but similar to the aqueous α-
gel known at lower temperatures. Based on WAXD measurements, it was deduced that the
glycerol heads are packed in a hexagonal manner in the inverse lamellar bilayer. The second
phase transition from inverse-lamellar to a crystalline phase includes the crystallization of
the aliphatic chains in a sub-α form with an orthorhombic packing. This phase retains the
mechanical properties of the gel phase.
Next to the phase behavior, also the ageing process of the C18 MAG in hazelnut oil was
investigated (Chen & Terentjev, 2009). It was found that both the inverse lamellar phase
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Figure 1.12: Phase diagram of a C18 MAG in hazelnut oil (adapted from Chen et al.
(2009)).
and the sub-α crystalline phase eventually transform into a β crystalline state with a
triclinic packing. In this state, the D- and L-isomers are separated and ordered, similar to
the coagel state in aqueous systems (Sein et al., 2002). The transformation to β causes the
collapse of the gel network and a phase-separation of the oil from the MAG crystals. The
ageing process is schematically shown in Figure 1.13.
Besides water phases, MAGs can thus also structure liquid oils. It is clear that liquid
oil structured by MAGs holds promising perspectives for use in the design of healthier
fatty food products. Besides lowering the saturated fat level, the absence of water makes
the systems less susceptible to microbial infection. However, the oxidative stability is a
critical point of attention as unsaturated fat is more susceptible to oxidation compared
to saturated fat. Da Pieve et al. (2011) have found that the MAG network slows down
the formation of secondary oxidation products, probably due to the decreased molecular
mobility of reactants as a consequence of the presence of the MAG network. Nevertheless,
the accumulation of primary oxidation products, which don’t affect product acceptability,
must be carefully considered as they may cause adverse health effects.
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Figure 1.13: Ageing process of a C18 MAG/hazelnut oil blend (Chen & Terentjev, 2009).
1.3.4 Food applications of monoacylglycerols
MAGs are amphiphilic molecules with a polar headgroup and an often larger lipophilic tail.
Such type of molecules are called emulsifiers as they reduce the surface tension between
oil-water or air-water interfaces, thereby enhancing emulsification and increasing emulsion
stability. However, MAGs also have other functions in foods which are not related to the
classical definition of an emulsifier, such as modification of fat crystallization, interactions
with carbohydrate components, film forming substance, control of oxygen or humidity
transport (Krog & Sparso, 2004).
MAGs and DAGs, which contain an -OH functional group, are considered as the most im-
portant group of nonionic food emulsifiers as they account for about 70 % of the world pro-
duction. Major application areas are bakery (approximately 60 % of all MAGs), margarines,
ice cream, chewing gum and chews (Moonen & Bas, 2004). Moreover, MAGs are also used
for the development of healthy spreads (Batte et al., 2007), to prevent oil separation in
peanut butter (Hasenhuettl, 2008), as part of a functional oil with anti-atherosclerotic
effects (Cho et al., 2006) and in pharmaceutical applications (Ganem-Quintanar et al.,
2000).
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Margarines and other W/O emulsions
The use of MAGs dates back to the 1930s when they were first used in margarine production
(Krog & Sparso, 2004). Nowadays, different types of margarine exist that require a different
application of emulsifiers (Moonen & Bas, 2004).
Table margarines (fat content 60-80 %) are stabilised by saturated MAGs (0.2-0.5 % of
distilled MAGs or 0.25-0.60 % of MAGs and DAGs). The benefits are a fine distribution of
water droplets, smooth spreading consistency, stable crystalline structure and a pleasant
mouthfeel.
Low fat spreads (fat content 35-45 %) are stabilised by the same level of MAGs for the same
reasons. However, the difference is that in this case, unsaturated MAGs are used. Possible
reasons could be the higher surface tension reducing activity of unsaturated MAGs or the
ability to structure water via the cubic phase.
Very low fat spreads (fat content 3 %) are prepared as an α gel which is then transformed
into a coagel. In a coagel, MAGs are present as β crystals entrapping large amounts of
water.
Cake margarines (fat content ± 80 %) contain saturated MAGs (0.2-0.4 %) to stabilise the
emulsion and to obtain a fine water droplet distribution.
Puff pastry margarines (fat content ± 80 %) are stabilised by saturated MAGs (0.4-0.8 %)
or MAGs and DAGs (0.6-1.2 %), together with lecithin.
Bread
Bread is the major application area for MAGs in food products. A first reason for the
addition of MAGs to bread doughs is the increase of the fermentation stability. This means
the dough is resistant to collapse, for example during transport to the oven. The second
reason is the complexation of MAGs with amylose, which yields a softer bread crumb, thus
enhancing the shelf life (Moonen & Bas, 2004). Carlson et al. (1979) found that the fatty
acid chain of the MAG is surrounded by three turns of the amylose α helix. Monopalmitin
was found to be most active, followed by monostearin (Lagendijk & Pennings, 1970). Inter-
action with amylose also occurs in dry pasta, resulting in less cooking loss and decreased
stickiness in the cooked pasta (Moonen & Bas, 2004). Thirdly, addition of MAGs decreases
blisters in bread prepared from retarded dough. In this case, the dough rests at refrigerator
temperature for several hours before further processing. This application is very interesting
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for artisan bakers because working at night is reduced (Moonen & Bas, 2004).
In bread baking industry, MAGs are mainly added under the form of α gels, which are
known as hydrates in bakery literature. In this physical condition, the MAGs are very
effective regarding complexation with amylose. Powdered products are an alternative cir-
cumventing the complicated way of adding a gel paste to the dough. A common quantity
of MAGs added is 0.2 − 0.3 % of flour weight (Moonen & Bas, 2004).
Cakes
A fat-containing cake batter is a complex emulsion or foam system containing suspended
flour particles, dissolved sugar and proteins. The foam is stabilized by the proteins whereas
liquid fat destabilizes the foam structure. MAGs form a protective α-crystalline film sur-
rounding the droplets of liquid cake shortenings. Next to stabilizing the emulsion, this also
prevents the oil from coming into contact with the dissolved proteins in the cake batter
which promotes the incorporation of air into the batter (Krog, 1977; Stauffer, 2005). Fur-
thermore, crumb hardening over time is retarded by the interaction between MAGs and
amylose (Moonen & Bas, 2004). Similar to bread, the MAGs are predominantly added in
the form of a gel (Moonen & Bas, 2004; Krog, 1977). MAG gels are added in a concentra-
tion of 2 − 2.5 % of the total batter weight. Powdered products are added in a concentration
of 3 − 4 % of the total batter weight (Moonen & Bas, 2004).
Ice cream
The use of MAGs and DAGs for ice cream applications was patented in 1936. MAGs are
added to ice cream in a concentration of 0.15 % to control the partial destabilisation of
the fat emulsion (Moonen & Bas, 2004). The small molecules partially or totally displace
proteins from the oil/water interface, which is entropically favourable due to the difference
in size and mobility (Hasenhuettl, 2008). Approximately 20 % of the fat in a standard ice
cream is de-emulsified. A controlled de-emulsification and agglomeration of fat globules is
important during the aeration process of the ice cream in the freezer, as the destabilized
fat stabilizes the air/water interface (Moonen & Bas, 2004; Krog, 1977).
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1.4 Effect of emulsifiers on fat crystallization
1.4.1 Introduction
Alteration of the fat crystallization process is one of various reasons emulsifiers are used
in food systems. Emulsifiers are amphiphilic substances that are either naturally present
or added on purpose to the fat system. Free fatty acids, MAGs, DAGs and phospholipids
are the major components naturally present in oils and fats (Gunstone, 2000). On the
other hand, intentional addition of emulsifiers, then called templates or additives, is widely
applied to modify the crystallization behavior of fats (Sangwal, 2007). Any of the indige-
nous components could be used as additives. This is not done for free fatty acids as they
negatively influence taste and stability. MAGs and DAGs, whether or not derived from the
original fat, are deliberately added to oils and fats. Also TAGs may be used as additives.
They may be indigenous or alien to the specific fat. Many other additives are derived from
fats (e.g. sorbitan esters, sucrose esters, citric acid esters, propylene glycol esters) or are
non-lipid additives (e.g. proteins, sodium dodecyl sulfate, xanthan gum). Not all additives
are accepted for use in foods in all countries. Use of a specific additive is sometimes only
accepted in a few countries (e.g. BOB in Japan) (Smith et al., 2011).
Studies dealing with the influence of emulsifiers on the physical properties of fat continuous
systems are regularly published, reporting effects both on microscopic level (e.g. nucleation,
crystal growth, polymorphism, morphology and heat capacity) and on macroscopic level
(e.g. rheology, melting behavior, post-hardening, visual aspects). Recently, Smith et al.
(2011) reviewed these studies and detected a number of shortcomings:
 The majority of published research lacks an appropriate analytical description of
used commercial additives by only mentioning the trade name. However, variability
between suppliers and even from batch to batch complicates a correct discussion of
possible mechanisms and a comparison across different studies.
 Although the understanding of the relevant mechanisms is essential in order to finally
arrive at tailor-made additives, the majority of the research is of an empirical and
descriptive nature. Only in a few studies, underlying mechanisms are proposed. How-
ever, these studies lack a proper analysis of the added component and/or fat phase
and the proposed mechanism is not always properly supported by the experimental
results.
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1.4.2 Mechanisms
Knowledge on the mechanism by which an emulsifier acts is essential to design tailor-made
additives with dedicated functionality. To unravel possible modes of action, it is important
to know how emulsifiers interact with fats on a molecular level. Figure 1.14 shows three
possible modes of interaction between emulsifiers and fats in bulk systems. In the first
case, only a limited amount of emulsifier is miscible with the fat. Small quantities become
incorporated in the fat crystals as impurities. This causes imperfections of the crystals (left
side of the phase diagram). Polymorphic transformations can both be retarded or promoted.
Case 2 presents highly miscible emulsifiers and fats, giving rise to miscible phase behavior
or molecular compound formation. The third case represents fats and emulsifiers which are
totally immiscible in the solid state. During nucleation, the emulsifiers may act as seeds
for fat crystallization. During crystal growth, they may inhibit crystal growth and modify
the crystal morphology by adsorbing at the crystal surface (Garti & Yano, 2001).
The interaction between the emulsifier and the fat affects different levels of the crystal-
lization process, such as the nucleation, crystal growth and in a further stage polymorphic
transitions and recrystallization. This is schematically shown in Figure 1.15, showing the
different modes of action of additives on different levels of the crystallization process.
1.4.3 Effects
Selection of a suitable emulsifier to obtain a specific effect in a certain application is not
an obvious task. The same emulsifier may have a totally different effect in a different fat,
at a different concentration, in the presence of other components, at a different degree of
undercooling and even in the presence or absence of shear. In any case, the best way to go
seems to be trial and error with a prior literature screening to find something from which
to modify. By combining the information gained out of the multitude of studies, Smith
et al. (2011) could derive some generic conclusions as to what type and strength of effect
to expect from minor components:
 A greater similarity between the minor component and the bulk fat, especially in
terms of the acyl chain if present, causes stronger effects. When the minor compo-
nent is sufficiently similar to the crystallizing species, integration into the crystal
matrix and/or addition onto a crystal growth site is possible. The specific influence
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Figure 1.14: Classification of fat-emulsifier interactions in bulk systems and illustration
with typical phase diagrams (adapted from Garti & Yano (2001)).
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Figure 1.15: Modes of action of additives (Smith et al., 2011).
of the additive will depend on whether the molecule becomes completely included
in the matrix by overgrowth of the crystallizing species, or whether it blocks further
crystallization due to a certain degree of structural dissimilarity (Figure 1.16). When
the minor component acts at growth sites, only very small amounts may be necessary
to observe a large effect. The morphology of the crystals can be altered by acting at
growth sites on certain crystal faces.
 The effect of a minor component is reduced with increasing undercooling. This may
be related to different activation energies at different levels of undercooling. At higher
undercooling, growth rates are high and the additive has much less opportunity to
adsorb at the growth site.
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Figure 1.16: Schematic representation of the blocking of a growth site by an additive
(Smith et al., 2011).
 The necessary concentration to affect the crystallization process depends on the mech-
anism involved. Conversely, the dominant mechanism may be affected by the concen-
tration at which the additive is present. Poisoning of growth sites, limiting crystal
growth or changing the morphology are typically achieved at concentrations well be-
low 0.1 %. On the other hand, the concentration needs to be significantly higher to
allow the minor components to operate as heterogeneous nuclei.
According to Sato et al. (2013), the effect of an additive on the nucleation of fat crystals is
dependent on the concentration of the additive with the existence of a critical concentra-
tion. When the additive has a high solubility or a lower concentration than the solubility
limit, it does not crystallize prior to the fat. Instead, it can prevent the nucleation process
through attractive molecular interactions between the additive and the fat, i.e. de-clustering
(Figure 1.17a). Such retardation effect has been observed when a low concentration of the
additive was added to the fat. In contrast, the additive may act as a template promoting
crystallization when it crystallizes prior to the fat due to a low solubility and a concentra-
tion higher than its solubility limit (Figure 1.17b).
Figure 1.17: Schematic illustration of the effects of additives on the nucleation of fat
crystals (Sato et al., 2013).
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1.4.4 Effect of monoacylglycerols
As MAGs are important emulsifiers with a wide range of applications, several authors have
investigated the outcomes of adding MAGs to a crystallizing fat system. The reported
effects on different levels of fat crystallization in a bulk system are summarized here. As
is generally the case for emulsifiers, it is not possible to report a straightforward effect of
MAGs on the primary crystallization process.
Nucleation
Nucleation is the first thermal effect during the crystallization process. It is important
to note that many techniques that measure the nucleation rate depend on nuclei growing
into crystals that achieve detectable sizes. In this way, both nucleation and early crystal
growth are involved. Emulsifiers can alter the nucleation time, the nucleation temperature
and/or the number and nature of the nuclei formed. The latter effect is revealed when
considering the size of the crystals formed. Emulsifiers can act by providing heterogeneous
nucleation sites or shielding heterogeneous nuclei present, stabilizing the developing nuclei,
affecting the driving force, etc. Secondary nucleation may be increased by the breaking of
weaker crystals with crystal defects formed by the adsorbing of the emulsifier at growth
sites (Smith et al., 2011).
Studies on the addition of MAGs predominantly indicate either an increased nucleation
or no effect on the nucleation. Inhibition of the nucleation process is only scarcely re-
ported. Foubert et al. (2004) found that monoolein increased the nucleation rate of milk
fat while monostearin increased nucleation only at a high concentration level or at a low
crystallization temperature. MAGs of hydrogenated palm oil were found to promote the
nucleation of palm oil while MAGs of sunflower oil did not have an effect (Fredrick et al.,
2008). Similarly, Basso et al. (2010) found that MAGs of fully hydrogenated palm oil and
MAGs of behenic acid reduced the crystallization induction time of palm oil. A blend of
monopalmitin and monostearin accelerated the nucleation of hydrogenated sunflower oil,
palm oil and coconut oil (Sambuc et al., 1980, 1981). Cheong et al. (2009) concluded that
lard MAGs only had a slight, not significant, inhibitory effect on the crystallization onset
of blends of lard and rapeseed oil. Also the SFC was not significantly changed.
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Crystal growth
Emulsifiers can influence the process of crystal growth, which is the second step in the fat
crystallization process. They can affect either nucleation or crystal growth or both. In the
latter case, the effect on both phenomena is not necessarily the same and can be opposite.
The best crystal growth conditions are attained when there is a great deal of similarity
between the existing nuclei and the main part of the fat (in terms of chain length, saturation
and type and position of unsaturation) (Smith et al., 2011).
Basso et al. (2010) found that both MAGs of fully hydrogenated palm oil and MAGs
of behenic acid added to palm oil accelerated the process of crystal formation without
affecting the final solids content. Other authors concluded that the effect depends on the
type of MAG as well as on the type of fat. Foubert et al. (2004) found that monoolein
showed no interaction with growing crystals of milk fat while monostearin increased the
crystal growth at a high concentration level or at a low crystallization temperature. A
study on the effect of several types of MAGs on the crystallization of trilaurin showed that
monolaurin increased the crystal growth rate while other MAGs showed little effect or only
a slight increase of the growth rate (Smith et al., 1994; Smith & Povey, 1997). Niiya et al.
(1973) concluded that saturated MAGs (monomyristin, monopalmitin, monostearin and
monobehenin) accelerated the crystal growth of partially hydrogenated soybean oil and
partially hydrogenated palm kernel oil but did not affect the crystal growth of hardened
beef tallow and whale oil.
Polymorphism
Several properties of oils and fats, such as melting behavior, heat capacity, network forma-
tion and phase transformations, are related to their polymorphism. Emulsifiers are added
in an attempt to control the polymorphic behavior of fats. By stabilizing a certain phase,
transitions into another phase (often accompanied by product deterioration like sandi-
ness in spreads) may be delayed or even prevented (Smith et al., 2011). Emulsifiers can
both retard and accelerate polymorphic transitions. The different effects are attributed
to the capacity of emulsifiers to create hydrogen bonds between the hydroxyl group of
the hydrophilic head of the emulsifier and the carbonyl group of the neighboring TAGs.
Emulsifiers capable to form hydrogen bonds retard while the others accelerate polymorphic
transitions due to the increasing mobility of the TAGs caused by the absent fatty acids in
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some emulsifiers compared to the TAGs (Aronhime et al., 1987).
Studies on the addition of MAGs revealed both acceleration and retardation of polymorphic
transitions. In some studies, induction of β form crystallization was reported, however, it
is possible that this can be attributed to the crystallization of the MAGs themselves.
Fredrick et al. (2008) showed that MAGs of both sunflower oil and hydrogenated palm oil
accelerated the α to β’ transition of palm oil. In contrast, the β’ to β transition in tristearin
was hindered by the presence of 1-monostearin (Elisabettini et al., 1996). MAGs of fully
hydrogenated palm oil and MAGs of behenic acid reportedly induced the formation of β
crystals rather than β’ in palm oil (Basso et al., 2010). Chen et al. (2014) reported that
the addition of monoolein to stripped soybean oil induced β form crystallization in a 3L
packing mode.
Size, solid fat content and others
Smaller crystal sizes are generally observed in the presence of MAGs. Fredrick et al. (2008)
concluded that smaller crystals are formed in palm oil containing MAGs of hydrogenated
palm oil. Similarly, MAGs of fully hydrogenated palm oil and MAGs of behenic acid de-
creased the crystal size of palm oil (Basso et al., 2010). Smaller crystals were also formed
when monolaurin was added to trilaurin (Smith et al., 1994). However, other MAGs showed
a lesser effect (Smith & Povey, 1997).
According to Smith et al. (2011), a minor component can influence the final solids amount
in two cases: firstly, by changing the equilibrium conditions via incorporation into the solid
phase or by stabilizing the liquid phase, or secondly, by the fact that a kinetically stable
situation is achieved instead of a true thermodynamic equilibrium. A study on fat structur-
ing with partial acylglycerols showed that the SFC profile of a fat blend containing palm
stearin, palm oil and rapeseed oil could be modified by varying the amount of saturated
fatty acids, the chain length and the type of unsaturation of the added distilled saturated
and unsaturated MAGs (Vereecken et al., 2009a). Addition of monopalmitin or monoolein
did not cause significant differences in the SFC curve of palm oil and in the increase of the
SFC at 5 ○C (Miura et al., 2002a,b). However, this can probably be explained by the low
concentration applied (1% w/w).
Single studies reported a stimulation of the sintering process and post-hardening and a re-
tardation of the rate of exchange between solid and liquid TAGs. Johansson & Bergenst˚ahl
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(1995) found that a combination of monoolein and palm kernel fat made the sintering pro-
cess of palm stearin crystals in soybean oil more pronounced. Monopalmitin and monoolein
were shown to have a retarding effect on the rate of exchange between solid and liquid TAGs
of tripalmitin in oil (Smith et al., 2007). As anticipated, monopalmitin was most effective
due to the similarity in acyl chain group. Niiya et al. (1973) showed that saturated MAGs
(monomyristin, monopalmitin, monostearin and monobehenin) provoked post-hardening
of hydrogenated soybean oil, palm kernel oil, beef tallow and whale oil.
Chapter 2
Influence of monopalmitin on the
isothermal crystallization mechanism
of palm oil
If there is no struggle, there is no progress.
Frederick Douglass
Relevant publication: Verstringe, S., Danthine, S., Blecker, C., Depypere, F., & Dewettinck,
K. (2013). Influence of monopalmitin on the isothermal crystallization mechanism of palm
oil. Food Research International, 51, 344-353.
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2.1 Problem statement and research strategy
At the industrial level, palm oil (PO) has some disadvantages such as a considerably slow
crystallization rate, resulting in coarse crystals which cause graininess in margarines and
shortenings (De Clercq et al., 2012). Moreover, PO has an unusually long α lifetime com-
pared to other natural fats (Berger, 2001). The slow crystallization can be overcome by
interesterification or by partial hydrogenation (Berger, 2001; De Clercq et al., 2012). Also,
different emulsifiers including MAGs (Basso et al., 2010; Fredrick et al., 2008; Miura et al.,
2002a,b), DAGs (Calliauw, 2008; Saberi et al., 2011; Siew & Ng, 1999, 2000), and su-
crose esters/sorbitan esters (Garbolino et al., 2005) were added to affect the crystallization
behavior of PO and its fractions.
The research that has been published on the influence of minor components and additives
on the physical properties of fat systems has been reviewed by Smith et al. (2011). Minor
components can be present naturally, such as the DAGs present in PO, or added on pur-
pose, such as emulsifiers. The latter are amphiphilic molecules with a hydrophobic and a
hydrophilic part. MAGs and DAGs, which contain an -OH functional group, are considered
as the most important group of emulsifiers. MAGs have a higher melting point compared
to the fatty acid or the TAG out of which they are constructed (Droste, 1972). Like TAGs,
MAGs are polymorphic. Vereecken et al. (2009b) investigated the polymorphic behavior of
saturated and unsaturated MAGs. They concluded that three polymorphic forms, namely
the sub-α, α and β polymorph, can be found for saturated MAGs with a chain length of
less than 18 carbon atoms. A second sub-α polymorph could be found for saturated MAGs
with a chain length of 18 carbon atoms or more. Only one polymorph, the most stable β
polymorph, could be found for unsaturated MAGs.
Minor components can not only have different effects on fat crystallization, such as on
the nucleation (promotion or inhibition), crystal growth, polymorphism and crystal mor-
phology, but also on the yield force, SFC, heat capacity, post-hardening phenomena, etc.
(Smith et al., 2011). A summary of how emulsifiers might influence nucleation, crystal
growth, and polymorphism was presented in the review of Smith et al. (2011) through a
schematic overview (Figure 1.15). By combining the information gained out of the different
studies, Smith et al. (2011) were able to derive some generic rules, which were summarized
in the previous chapter (section 1.4). An interesting finding was that a stronger effect on
the crystallization was observed when the acyl group of the minor component (in case one
is present) is similar to the ones present in the fat (Elisabettini et al., 1995; Garbolino
et al., 2005; Smith & Povey, 1997).
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As palmitic acid is the major fatty acid present in PO, it was decided to investigate the
effect of monopalmitin (MP) on the PO crystallization behavior, because of its high degree
of similarity with the crystallizing palm TAGs. In their review, Smith et al. (2011) criticize
the fact that studied additives are mostly referred to by their trade name and are not
adequately analyzed while the precise composition might vary, even from batch to batch.
In this study, it was decided to work with pure MP (>99%). In this way, the composition was
well known and observed effects could be completely attributed to the MP. The influence
of pure MP on PO crystallization has been studied before (Miura et al., 2002a,b), as well as
the influence of MAGs of fully hydrogenated PO (Basso et al., 2010; Fredrick et al., 2008),
which contain a substantial amount of MP. Miura et al. (2002a,b) only concluded that
pure MP in a concentration of 1% did not affect the solid fat content when crystallization
occurred at 5 ○C. Moreover, all studied blends never had an emulsifier concentration higher
than 2%. Although this concentration range is commonly used in industrial practice, such
low concentrations mostly only permit to make suggestions on the underlying mechanisms.
Therefore, a more extended range of concentrations was investigated in this study and
different techniques were used to elucidate the effect on different levels.
2.2 Materials and methods
2.2.1 Materials
Refined, bleached and deodorized PO was obtained from Loders Croklaan (Wormerveer,
The Netherlands) and was used as received. Pure MP (>99%) was obtained from Nu-Chek
Prep (Elysian, USA).
2.2.2 Preparation of the monopalmitin/palm oil blends
Different concentrations of MP (1, 2, 4 and 8% w/w) were dispersed in the melted PO and
stirred with a magnetic stirrer at 80 ○C until a homogeneous sample was obtained. When
the blend was visibly free of dispersed material, it was further mixed for at least 2 h. The
blends were stored at −24 ○C until analysis.
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2.2.3 TAG composition
Separation of the TAG species was performed on a Thermo Finnigan Surveyor HPLC sys-
tem with four solvent lines, degasser, autosampler and Chromquest software (Thermo Elec-
tron Corporation, Brussels, Belgium), which was coupled with an Alltech ELSD 2000ES
evaporative laser light scattering detector (Grace Alltech, Lokeren, Belgium). The column
was a 150 × 3.0 mm Alltima HP C18 HL with 3µm particle diameter (Grace Alltech). A
precolumn with a silica packing was used. A dichloromethane/acetonitrile gradient was
applied. The analysis was executed in duplicate and the sample injections were performed
in duplicate. Table 2.1 gives the TAG composition of the used PO. The amount of DAGs
(% area) concluded from the HPLC results was 4.2%.
Table 2.1: TAG composition of the used palm oila.
TAG % of the total TAG content
PLL
LOO
PLO
PLP
OOO
POO
POP
PPP+SOO
POS
1.302±0.018
1.091±0.015
10.98±0.03
10.45±0.06
3.118±0.007
25.78±0.05
34.11±0.06
7.376±0.021
4.832±0.010
aP: palmitic acid, L: linoleic acid, O: oleic acid, S: stearic acid.
2.2.4 Differential scanning calorimetry (DSC)
The DSC experiments were performed with a Q1000 DSC with a refrigerated cooling system
and an autosampler system (TA Instruments, New Castle, USA). The DSC was calibrated
with indium (TA Instruments, New Castle, USA), azobenzene (Sigma-Aldrich, Bornem,
Belgium) and undecane (Acros organics, Geel, Belgium) prior to analysis. Nitrogen was
used to purge the system. Samples were sealed in hermetic pans and an empty pan was used
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as a reference. Three types of experiments were performed: non-isothermal crystallization
experiments (three repetitions), isothermal crystallization experiments (three repetitions)
and stop-and-return experiments (one repetition). For the non-isothermal experiments, the
following time-temperature program was applied: holding at 80 ○C (90 ○C for pure MP) for
10 min to ensure complete melting and to erase the crystal memory, cooling at −10 ○C/min
to −40 ○C, holding at −40 ○C for 10 min and heating at 10 ○C/min to 80 ○C (90 ○C for pure
MP). For reasons of uniformity, the same rate was chosen for both cooling and heating
purposes. For the isothermal crystallization experiments, the procedure was adapted in
that the sample was only cooled to the crystallization temperature (15, 18, 20, 25 or 28 ○C)
and was then held there for 120 min.
During stop-and-return experiments, the crystallization process is interrupted at different
moments during the isothermal period by raising the sample temperature (Foubert et al.,
2008). This is schematically shown in Figure 2.1. In this way, the melting profile of the
crystals formed during the preceding isothermal period is obtained. The melting profiles
are plotted as functions of time and give information about the amount of crystallization
(peak area) and possible polymorphic transitions (shifts in melting temperature or peak
maximum) during the isothermal period. The applied procedure was thus basically identical
to the isothermal procedure except that the sample was heated at 20 ○C/min to 80 ○C after
a certain isothermal period. The isothermal period prior to melting was varied in different
experiments and was maximally 90 min. A heating rate of 20 ○C/min was chosen for the
stop-and-return experiments as it is fast enough to prevent the occurrence of polymorphic
transitions as much as possible but slow enough to prevent thermal lag (Fredrick et al.,
2008).
The DSC profiles were analyzed with the Universal Analysis software version 4.7A (TA
Instruments, New Castle, USA). Crystallization onset temperatures were determined by
the intersection of the baseline with the absolute highest tangent of the crystallization
curve.
2.2.5 Powder X-ray diffraction spectroscopy (XRD)
Polymorphic behavior of PO was investigated by XRD using a Bruker D8-Advance Diffrac-
tometer (Bruker, Germany) (λ Cu=1.54178 A˚, 40 kV, 30 mA) equipped with an Anton
Paar temperature control system composed of a TTK450 low-temperature chamber con-
nected to a water bath (Julabo) and heating device (TCU 110 Temperature Control Unit)
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Figure 2.1: Principle of the stop-and-return technique: time-temperature program (Fou-
bert et al., 2008).
(Anton Paar, Graz, Austria). Just as for the DSC measurements, PO was first heated to
80 ○C and held at that temperature for 10 min to ensure complete melting and to erase the
crystal memory. After that, the sample was cooled to the crystallization temperature and
wide-angle X-ray diffraction (WAXD) and small-angle X-ray scattering (SAXS) patterns
were recorded using a Vantec-1 detector (Bruker, Germany) during cooling and subse-
quent isothermal crystallization (90 min). The XRD patterns were analyzed using PeakFit
(SeaSolve Software inc., Framingham, USA).
2.2.6 Time-resolved synchrotron X-ray diffraction (XRD)
Polymorphic behavior of MP and the blends containing MP was investigated by XRD using
synchrotron radiation. SAXS/WAXD measurements were performed on the Dutch-Belgian
(DUBBLE) beamline BM26B at the European Synchrotron Radiation Facility (ESRF) in
Grenoble (France). The experiments were performed at a fixed wavelength λ of 1.24 A˚. A
linear 300K photon counting Pilatus detector was used for WAXD, whereas a large aread
high sensitive photon counting 2D Pilatus detector was used to collect the SAXS images.
The samples were enclosed in glass capillaries and the temperature was controlled by a
Linkam hot stage. MP was subjected to the following time-temperature profile: holding at
100 ○C for 10 min, cooling at 10 ○C/min to 0 ○C, holding at 0 ○C for 10 min and heating
at 10 ○C/min to 100 ○C. The PO blends containing MP were subjected to the following
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time-temperature profile: holding at 80 ○C for 10 min, cooling at 10 ○C/min to 20 ○C and
holding at 20 ○C for 90 min. Scattering patterns were taken every 2 ○C during the cool-
ing and heating runs and every minute during the isothermal time. Known reflections of
standard silver-behenate and alpha aluminum samples were used to calibrate the SAXS
and WAXD scattering angles, 2θ. The patterns are presented as a function of d (A˚), with
d = λ/2sin(θ). All scattering patterns were corrected for the detector response, normal-
ized to the intensity of the primary beam and corrected by the sample absorption before
performing the background subtraction.
2.2.7 Pulsed nuclear magnetic resonance (NMR)
Solid fat content of PO and the blends containing MP during isothermal crystallization
was determined by pulsed nuclear magnetic resonance (NMR) using a Maran Ultra NMR
(Oxford Instruments, Oxfordshire, United Kingdom). Samples were placed into glass tubes
of 10 mm diameter and held at at a sufficiently high temperature for 30 min to eliminate
any crystal memory. Subsequently, the tubes were placed in a thermostatic water bath at
the crystallization temperature. The start of the isothermal period was taken one minute
after transfer to the water bath. The amount of solid fat was recorded at appropriate time
intervals and a separate tube was used for each measurement. Each analysis was executed
in triplicate.
2.2.8 Oscillatory rheology
Small deformation oscillatory experiments were performed on an AR2000 controlled stress
rheometer (TA Instruments, Brussels, Belgium) using the starch pasting cell (SPC) as
described by De Graef (2009). The SPC consists of a jacket, mounted on the instrument, a
removable cup and an impeller. A gap of 5500µm is used, which is larger than that of plate-
plate or concentric cylinders geometries and reduces the risk of clogging. The measurements
were conducted at a constant frequency of 1 Hz and a strain of 4.5 x 10−3. The cup of the
SPC was filled with 30 mL of melted sample and the following time-temperature profile was
applied: holding at 80 ○C for 10 min to ensure complete melting and to erase crystal memory,
cooling at -10 ○C/min to the crystallization temperature and holding at this temperature
for 300 min. After each measurement, a strain sweep test was performed in order to check
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if the applied strain was situated in the linear viscoelastic region (LVR). Each analysis was
executed in triplicate.
2.2.9 Polarized light microscopy (PLM)
The samples were viewed between crossed polarizers in a Leitz Diaplan light microscope
(Leitz, Wetzlar, Germany) mounted with a Linkam hot stage (Linkam, Tadworth, UK). A
droplet of liquid oil was applied on a preheated carrier glass and covered with a preheated
cover glass. The sample was then held at 80 ○C for a sufficient time to ensure complete
melting and an erased crystal memory. Next, the sample was cooled at −10 ○C/min to
20 ○C and images were taken using an Olympus color view camera (Olympus, Aartselaar,
Belgium).
2.2.10 Cryo-scanning electron microscopy (cryo-SEM)
Sample microstructure was also visualized using scanning electron microscopy. The sample
was held at a sufficiently high temperature to erase crystal memory and then cooled to
20 ○C. A small piece of the sample was then mounted on an aluminum stub, quickly frozen in
slushed nitrogen (−210 ○C), fractured, sputter-coated with platinum and then observed with
a Jeol JSM-7100F scanning electron microscope (Jeol (Europe) B.V., Zaventem, Belgium).
2.2.11 Statistical analysis
To detect statistically significant differences (p<0.05), one-way ANOVA was performed
using SPSS Statistics 20. To identify the differences, Tukey’s test was used in the case of
equal variances while Dunnett’s T3 test was used when the variances were not equal.
2.3. RESULTS AND DISCUSSION 53
2.3 Results and discussion
2.3.1 Crystallization mechanism of palm oil
The DSC crystallization profile of PO is shown in Figure 2.2. Two distinctive peaks
can be discerned, representing the stearin and olein fraction. Crystallization started at
18.42 ± 0.24 ○C, as determined by the intersection of the baseline with the absolute high-
est tangent of the stearin crystallization peak. This crystallization onset temperature was
confirmed with XRD. Figure 2.3 shows WAXD patterns of PO recorded every 5 ○C during
cooling to 0 ○C (patterns from 60 ○C to 0 ○C are shown). At 15 ○C, a peak at d=4.16 A˚ ap-
peared, indicating that the crystallization of the stearin fraction in the α polymorph had
started.
Figure 2.2: DSC crystallization curve recorded during cooling of PO.
To gain more insight into the isothermal crystallization mechanism of PO, stop-and-return
experiments at different temperatures were performed. The curves are shown in Figure
2.4 and demonstrate clearly that the crystallization mechanism at 15, 18 and 20 ○C is
different from that observed at 25 and 28 ○C. At the lower temperatures, crystals were
present from the early stages of the isothermal period onwards. After a certain time, the
melting peak that was initially present diminished while another one with a higher peak
maximum appeared. The shift in peak maximum indicates the occurrence of a polymorphic
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Figure 2.3: WAXD diffraction patterns of PO during cooling to 0 ○C.
transition. The crystallization thus occurred in two steps at a lower temperature. At the
higher temperatures, crystals only started to appear a certain time after the isothermal
temperature was reached and the melting peak steadily grew further as the isothermal
period progressed. In this case, crystallization thus occurred in one step.
Unambiguous polymorphic identification of the DSC peaks can be achieved by using XRD.
Figure 2.5 shows the WAXD patterns of PO isothermally crystallized at 15 and 28 ○C. The
first peak appearing at 15 ○C, at d=4.17 A˚, is unequivocally connected with an α poly-
morph. At the end of the isothermal period (90 min), a diffraction pattern corresponding
to a β′1 polymorph could be observed (Braipson-Danthine & Gibon, 2007). A polymorphic
transition from α to β’ had thus occurred. The same transition could be observed at 18
and 20 ○C (data not shown). The two melting peaks observed in the DSC stop-and-return
profiles thus corresponded to the α and β’ polymorph. In the SAXS patterns, the transition
from α to β’ was clear from a shift of the SAXS peak to a lower d-value. Figure 2.6 shows
SAXS patterns during the α to β’ transition at 20 ○C. The decrease in long spacing can be
explained by the fact that the β’ polymorph has tilted fatty acid chains with respect to the
methyl end group plane. Similar to the finding of Fredrick et al. (2008), an isosbestic point
was observed during the α to β’ transition. Such an isosbestic point indicates that there
is no change in the total volume occupied by the α and β’ crystals during the transition.
As the isosbestic point is only temporarily observed, β’ crystallization further proceeds
directly from the melt after the α crystals have transformed.
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Figure 2.4: Melting curves of PO recorded during stop-and-return experiments at
(A) 15 ○C, (B) 18 ○C, (C) 20 ○C, (D) 25 ○C and (E) 28 ○C as measured by DSC. The isother-
mal crystallization was interrupted at 5 (...), 10 (– –), 15 (— -), 20 (—), 40 (- -) and
90 (—.) minutes.
56 CHAPTER 2. INFLUENCE OF MONOPALMITIN
Figure 2.5: WAXD diffraction patterns of PO isothermally crystallized at (A) 15 ○C and
(B) 28 ○C.
Figure 2.6: SAXS diffraction patterns of PO isothermally crystallized at 20 ○C.
At a higher isothermal crystallization temperature (28 ○C), the first WAXD frames were
showing a liquid signal, i.e. a weak and relatively diffuse peak around 4.5 A˚ (Figure 2.5).
After 35 min, the first diffraction peaks appeared and corresponded to a β′1 polymorph.
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A similar result was obtained at 25 ○C. At both temperatures, the SAXS patterns only
showed one peak which steadily grew with isothermal time. It can thus be concluded that
PO exhibited a direct crystallization from the melt into a β’ polymorph above a certain
cut-off temperature, while at lower temperatures formation of α crystals was followed by
a polymorphic transition into β’ crystals.
In this study, the cut-off temperature is situated between 20 and 25 ○C. Several authors
demonstrated that the isothermal crystallization behavior of PO depends on the crystal-
lization temperature but have found different cut-off temperatures ranging from 22 to 25 ○C
(Chen et al., 2002; Kawamura, 1980; Ng & Oh, 1994). Fredrick et al. (2008) still observed
a two-step crystallization at 25 ○C. These differences can probably be attributed to a dif-
ference in experimental conditions on the one hand and a difference in PO composition
(variation in geographical origin or species) on the other hand.
2.3.2 Crystallization mechanism of monopalmitin
Figure 2.7 shows the crystallization and melting profile of MP. It can be noticed that the
melting profile is similar to the profile observed during cooling. MP first crystallized into
an α polymorphic form during cooling. When this form is cooled 35-50 ○C below its crys-
tallization point, a polymorphic transition to a sub-α polymorph takes place (Krog, 2001).
The transition from the α to the sub-α form, which has an orthorhombic chain packing,
occurs via the solid state and is reversible. The transition is an enantiotropic transition,
meaning that each polymorph has its own definite range of stability. The enthalpy change
associated with the transition is measured by DSC (Hagemann, 1988; Vereecken et al.,
2009b). During heating, the sub-α form transformed to α, after which the α form melted.
The polymorphic transitions during cooling and heating were confirmed with XRD. Figure
2.8 shows SAXS frames during cooling and subsequent heating of MP. The intensities of
the SAXS patterns were converted into a color scale and plotted as a function of d (A˚)
and as a function of temperature. It can be deduced that α crystallization started at 65 ○C
as a long spacing peak appeared at 46.1 A˚. When the temperature reached 35 ○C, a shift
to a lower d-value (45.3 A˚) indicated the start of the transformation to sub-α. This shift
occurred the other way around when the sub-α crystals transformed to α during heating.
Noteworthy, a broad peak at d=30 A˚ was present in the molten state (also observed by
Krog & Sparso (2004)). As the WAXD patterns at these temperatures showed a weak
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Figure 2.7: Crystallization (upper curve) and melting (lower curve) profile of MP as
measured by DSC.
Figure 2.8: SAXS diffraction patterns of MP during cooling and subsequent heating
between 100 ○C and 0 ○C.
and relatively diffuse peak at about 4.5 A˚ (results not shown), the hydrocarbon chains are
arranged as in a liquid hydrocarbon (Kelker et al., 1980). However, the presence of a long
spacing peak at d=30 A˚ indicates a certain degree of ordering of the MP molecules in the
molten state.
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The transition from α to sub-α was also observed microscopically. Figure 2.9 shows two
PLM images recorded during cooling of pure MP. Figure 2.9A was recorded when the
temperature reached 50 ○C while Figure 2.9B was recorded at 33 ○C, after the polymorphic
transition had occurred. A change in sample microstructure can be clearly seen. After the
polymorphic transition, the sample microstructure clearly looked grittier. This observation
coincides with that of Lutton & Jackson (1948), who saw that the α to sub-α transition was
accompanied with the appearance of many little shrinkage cracks. Remarkably, the reverse
transition from sub-α to α during heating did not cause a change in sample microstructure.
This can be seen in Figure 2.10 showing two PLM images recorded during heating of
pure MP at 50 ○C and 70 ○C. At 50 ○C, the transition to α has occurred but the sample
microstructure still looked gritty. At 70 ○C, the α crystals have started to melt.
Figure 2.9: PLM images recorded during cooling of pure MP. (A) 50 ○C and (B) 33 ○C.
Figure 2.10: PLM images recorded during heating of pure MP. (A) 50 ○C and (B) 70 ○C.
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2.3.3 Effect of monopalmitin on the crystallization mechanism
of palm oil
Crystallization during cooling
Figure 2.11 shows the DSC crystallization curves recorded during cooling of PO and PO
blended with MP in different concentrations (1, 2, 4 and 8%). A higher concentration of
MP yielded an earlier crystallization along with the appearance of extra crystallization
peaks at higher temperatures for the highest concentrations. To elucidate the polymorphic
behavior of the MP blends, WAXD and SAXS diffraction patterns were recorded during
cooling to 20 ○C (Figures 2.12 and 2.13).
Figure 2.11: DSC crystallization curves recorded during cooling of PO and PO blended
with 1%, 2%, 4% and 8% MP.
During cooling of the 8% MP blend, the high-melting MP likely initiates the crystallization
process. MP will crystallize in the α polymorphic form, as shown in the previous part. This
is demonstrated by the WAXD measurements of the blend, showing the appearance of an α
polymorph when the temperature reached 50 ○C (d=4.19 A˚). At the same time, a peak with
a long spacing of d=46.2 A˚ appeared in the SAXS patterns. The first crystallization peak
in Figure 2.11 thus represents the crystallization of the MAG in the α polymorph. When
the temperature decreased to 34 ○C, extra WAXD peaks appeared at d=4.21 A˚, d=3.62 A˚,
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Figure 2.12: WAXD diffraction patterns of PO containing (A) 1% MP, (B) 2% MP,
(C) 4% MP and (D) 8% MP during cooling to 20 ○C.
d=3.80 A˚ and d=3.98 A˚ and the SAXS peak decreased to a lower d-value of 45.3 A˚. This
indicates the start of the transformation of the α crystals to the sub-α polymorph (Lutton
& Jackson, 1948). Similar to the pure MAG, MP thus transforms from α to sub-α when it is
added to PO. This transformation is represented by the second peak in Figure 2.11. Similar
to the observation in the case of pure MP, a change to a more gritty microstructure could
be observed during cooling of the 8% MP blend. This is shown in Figure 2.14. Finally, at
24 ○C, the occurrence of an extra WAXD peak at 4.14 A˚ and an extra SAXS peak at 47.2 A˚
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Figure 2.13: SAXS diffraction patterns of PO containing (A) 1% MP, (B) 2% MP,
(C) 4% MP and (D) 8% MP during cooling to 20 ○C.
indicates the start of PO stearin crystallization in the α polymorph (third crystallization
peak in Figure 2.11).
At a lower concentration of 4% MP, the MP α crystals formed at a lower temperature.
As evidenced by the WAXD and SAXS frames, the α crystals also showed a transition to
sub-α (decrease of the SAXS peak from 47 A˚ to 45.6 A˚). The DSC peaks corresponding
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Figure 2.14: PLM images taken during cooling of the blend containing 8% MP. (A) 40 ○C
and (B) 33 ○C.
to the α crystallization and transformation to sub-α overlap (Figure 2.11). At 22 ○C, PO
crystallization started as evidenced by the appearance of a WAXD peak at d=4.14 A˚ and
a SAXS peak at d=47.8 A˚.
When 2% MP was present in PO, the crystallization of the MP appeared as a shoulder
of the PO stearin crystallization peak (Figure 2.11). At 28 ○C, a WAXD peak at d=4.16 A˚
appeared. During cooling to 20 ○C, no peaks corresponding to a sub-α polymorph could
be detected. Also during subsequent isothermal crystallization, no such peaks could be
detected (results not shown). Based on these results, MP probably does not transform to
sub-α at this low concentration. Crystallization of PO could not be observed due to overlap
with the already existing peak. SAXS measurements showed a gradual decrease of the peak
from 48.7 A˚ at 28 ○C to 48.3 A˚ at 20 ○C.
The crystallization process of the blend containing 1% MP was very similar to the one of
PO. At a concentration of 1% MP, no shoulder was present anymore in the crystallization
peak. However, the WAXD patterns showed α crystallization from 20 ○C onwards and also
in Figure 2.11, it can be seen that crystallization started somewhat earlier due to the
presence of 1% MP in PO (cf. PO started to crystallize at 18.42 ○C, see above).
It should be noted that the SAXS patterns recorded in the liquid state showed a small,
broad peak around d=25 A˚ for the blend with the highest concentration (8%), indicating
a degree of ordering in the molten state. For the lower concentrations, such peak could not
be detected.
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The crystallization onset temperatures of the different blends are listed in Table 2.2. They
were determined by the intersection of the baseline with the absolute highest tangent of the
crystallization curve (Figure 2.11). The onset temperatures were all significantly different,
so addition of 1% MP already had a significant effect on the crystallization onset. Compared
to the onset temperature of pure MP (65.68 ± 0.29 ○C, see Figure 2.7), the crystallization
temperature in a blend with PO was lowered as the MP concentration decreased. This can
be explained by the Hildebrand equation, stating that the melting point of a high-melting
component is reduced when blended with lower-melting components (Zhou & Hartel, 2006).
On the other hand, it is remarkable that the temperature of sub-α transition was more
or less independent of MP concentration. For pure MP, the transition occurred just above
35 ○C while it occurred just below 35 ○C for the blends containing 8% and 4% MP (Figures
2.7 and 2.11). In the blend containing 2% MP, crystallization of the MP only started
below 30 ○C. The transition temperature has already been passed over when crystallization
started, probably explaining why no transition to sub-α took place in this blend.
Table 2.2: Crystallization onset temperatures and onset temperatures of the stearin frac-
tion of PO for PO containing different concentrations of MP.
% MP Tonset (○C)* Tonset of the PO stearin fraction (○C)*
0
1
2
4
8
18.42±0.24 (e)
20.1±0.5 (d)
29.1±0.5 (c)
37.52±0.28 (b)
43.4±0.3 (a)
18.42±0.24 (c)
20.1±0.5 (b)
24.43±0.03 (a)
23.99±0.07 (a)
24.27±0.06 (a)
* Column results with the same lower-case letter are not significantly different (p<0.05).
Table 2.2 also lists the crystallization onset temperatures of the stearin fraction of PO.
Addition of MP led to an earlier stearin crystallization. The onset temperatures of the
blends containing 2% MP and more were not significantly different from each other but
were significantly higher compared to PO and the blend containing 1% MP. This could be
attributed to the substantial amount of previously crystallized MP present in the blends
with a higher MP concentration(≥2%). On these previously formed crystals, the low-melting
PO stearin fraction could nucleate. This heterogeneous nucleation occurred faster than
direct nucleation from the melt. In the blend containing 1% MP, the amount of MP was
quite limited as a result of which PO stearin nucleation probably occurred mainly from
the melt.
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Isothermal crystallization
To gain more insight into the isothermal crystallization mechanism of MP/PO blends,
DSC stop-and-return experiments were performed during the early stages of isothermal
crystallization at 15, 18, 20, 25 and 28 ○C. The results obtained at 15, 18 and 20 ○C were
similar. Figure 2.15 shows the results obtained at 15 ○C. As can be seen, the 8% MP
blend showed three melting peaks after 5 min crystallization at 15 ○C (Figure 2.15D). The
first melting peak showed a peak maximum at 27 ○C, the second peak at 38 ○C and the last
melting peak at 52 ○C. These peaks represent respectively the melting of the PO α crystals,
transition of the MP sub-α crystals to α and the melting of the MP α crystals. It should
be kept in mind that the peak corresponding to the sub-α to α transition is not a true
melting peak, as sub-α forms do not have a melting point. However, the enthalpy change
associated with the transition is measured by DSC and yields a ‘melting point’ (i.e. the
peak temperature) (Hagemann, 1988; Krog, 2001). During the 90 min isothermal time, a
polymorphic transition seemed to occur as the first melting peak disappeared while another
peak with a peak maximum at 31 ○C appeared. The emerging peak partly overlapped with
the second melting peak which stayed present as a shoulder.
WAXD measurements confirmed that the observed polymorphic transition was the same
transition as that occurring in pure PO, i.e. from PO α to β’ crystals. Figure 2.16A shows
WAXD profiles recorded during the isothermal crystallization of the 8% MP blend at
20 ○C. During the 90 min isothermal time, peaks corresponding to the sub-α form of MP
stayed present. The shoulder at d=4.14 A˚, corresponding to PO α crystals, started to
disappear after 9 min. At the same time, a peak at d=3.89 A˚, corresponding to PO β’
crystals, started to appear. Figure 2.16B shows SAXS intensity patterns during the 90 min
isothermal time. The peak with long spacing d=45 A˚, corresponding to the sub-α crystals
of MP, stayed present during the 90 min isothermal time. The long spacing peak of the PO
α crystals (d=47.2 A˚) decreased while the long spacing peak of the β’ crystals (d=42.6 A˚)
increased. In the case of pure PO, an isosbestic point was observed during the α to β’
transition (Figure 2.6). Also when 8% MP is present, an isosbestic point is suspected to
exist, although the peak of the sub-α crystals conceals this point.
Similar conclusions could be drawn for the blends with a lower concentration of MP. Figure
2.15A-C shows that, also when a lower concentration of MP was present, an α to β’
polymorphic transition of the PO crystals took place. At a concentration of 2 and 4% MP,
the melting of the MP appeared as a shoulder of the PO melting peak. At a concentration
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Figure 2.15: Melting curves of PO containing (A) 1% MP, (B) 2% MP, (C) 4% MP and
(D) 8% MP recorded during stop-and-return experiments at 15 ○C as measured by DSC.
The isothermal crystallization was interrupted at 5 (...), 10 (– –), 15 (— -), 20 (—), 40 (- -)
and 90 (—.) minutes.
of 1% MP, no shoulder was present anymore in the melting peak. The XRD profiles and
the stop-and-return melting profiles of the blend containing 1% MP were very similar to
the ones of PO.
At a lower degree of undercooling (crystallization temperature of 25 ○C), the melting curves
of the MP blends showed a bending at lower temperatures in the beginning of the isother-
mal period (Figure 2.17). This bending can be associated with the melting of the TAGs
of PO present in the α polymorph (Fredrick et al., 2008). The α crystallization at a crys-
tallization temperature of 25 ○C was much more limited compared to at a temperature
of 15 ○C (Figure 2.15) due to the lower degree of undercooling. The α bending was ab-
sent at a crystallization temperature of 28 ○C (data not shown). During further isothermal
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Figure 2.16: (A) WAXD and (B) SAXS diffraction patterns of PO containing 8% MP
isothermally crystallized at 20 ○C.
crystallization, the peak of the PO TAGs steadily grew.
In the previous part, we concluded that the cut-off temperature of the used PO was situated
between 20 and 25 ○C. This means that at a crystallization temperature of 25 ○C, the PO
exhibited a one-step crystallization directly into the β’ polymorph. The MP blends however,
still showed α formation at 25 ○C but not anymore at 28 ○C. Addition of MP thus increased
the cut-off temperature to a temperature between 25 and 28 ○C.
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Figure 2.17: Melting curves of PO containing (A) 1% MP, (B) 2% MP, (C) 4% MP and
(D) 8% MP recorded during stop-and-return experiments at 25 ○C as measured by DSC.
The isothermal crystallization was interrupted at 5 (...), 10 (– –), 15 (— -), 20 (—), 40 (- -)
and 90 (—.) minutes.
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2.3.4 Effect of monopalmitin on crystallization kinetics
An appropriate model to describe fat crystallization kinetics has been developed by Foubert
et al. (2002). This model could be fitted to the sigmoid curve of the cumulative heat released
as a function of isothermal time. This is illustrated in Figure 2.18 for the 8% blend at 15 ○C.
The fit comprised only the major peak of the isothermal DSC measurement. In case of a
two-step crystallization, this peak corresponded to the α → β’ polymorphic transition and
subsequent β’ crystallization from the melt. In case of a one-step crystallization, the peak
corresponded to the direct β’ crystallization from the melt. All crystallization that occurred
before the appearance of this peak was thus not considered (i.e. MP crystallization and
transformation and PO α crystallization). The start- and endpoint of the integration were
determined with a calculation algorithm as described by Foubert (2003). Parameter ‘n’
was fixed at 6 (Sichien, 2007).
Figure 2.18: Isothermal crystallization curve and sigmoid integration curve of PO con-
taining 8% MP at 15 ○C.
Table 2.3 gives the induction time tind resulting from the Foubert fit for the different blends
at different crystallization temperatures. The induction time is defined as the time needed
to reach 1% of the total amount of heat released. It can be used as a measure for the
time necessary to start the formation of β’ crystals, either via polymorphic transition of α
crystals in case of a two-step crystallization, or directly from the melt in case of a one-step
crystallization. For PO, it was clear that the formation of β’ crystals directly from the melt
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(25 and 28 ○C) occurred later than when a polymorphic transition took place (15, 18 and
20 ○C). Also the 1% MP blend showed a late β’ crystallization from the melt at 28 ○C. At
25 ○C, only a limited amount of α crystals was formed in this blend. Most β’ crystals thus
crystallized directly from the melt, as a result of which tind was high in this case too. When
a higher concentration of MP was present (2, 4 and 8%), there was also only a little or no
α crystal formation at higher temperatures (25 and 28 ○C). However, the induction times
were significantly lower. This could be attributed to the presence of previously crystallized
MP on which the β’ crystals could easily and quickly adhere. At 15, 18 and 20 ○C, tind
indicates the start of the polymorphic transition from α to β’. However, the addition of
MP did not have a significant effect on this starting point.
Table 2.3: Parameter tind (h) resulting from the Foubert model fit for PO and the blends
containing 1%, 2%, 4% and 8% MP at different crystallization temperatures.
% MP 15 ○C* 18 ○C* 20 ○C* 25 ○C* 28 ○C*
0
1
2
4
8
0.13±0.03 (a)
0.20±0.05 (a)
0.17±0.04 (a)
0.148±0.007 (a)
0.165±0.013 (a)
0.08±0.04 (a)
0.143±0.020 (a)
0.08±0.03 (a)
0.09±0.03 (a)
0.07±0.04 (a)
0.100±0.009 (a,b)
0.122±0.022 (a)
0.072±0.024 (b)
0.089±0.008 (a,b)
0.091±0.005 (a,b)
0.31±0.03 (a)
0.25±0.07 (a)
0.105±0.011 (b)
0.099±0.012 (b)
0.086±0.014 (b)
0.39±0.06 (a)
0.42±0.04 (a)
0.063±0.024 (b)
0.041±0.024 (b)
0.049±0.005 (b)
* Column results with the same lower-case letter are not significantly different (p<0.05).
2.3.5 Effect of monopalmitin on microstructure
Figure 2.19 shows the evolution of the solid fat content during isothermal crystallization at
different temperatures of PO and the blends containing 1%, 2%, 4% and 8% MP. Adding
MP in a higher concentration led to a higher amount of solid fat, except when a blend
containing a concentration as low as 1% MP is crystallized at 25 or 28°C. According to
Smith et al. (2011), a minor component can influence the final solids amount of a blend
by causing a change of the equilibrium conditions via incorporation of the additive into
the solid phase. The crystallized MP is thus probably the cause of the increased solid fat
content of the blends. Some SFC curves rise to an intermediate plateau and then increase
again. This two-step behavior can be attributed to the two-step crystallization at 15, 18
and 20 ○C of all the blends. However, at 25 and 28 ○C, only a limited amount or no α crystals
are formed. In this case, the presence of a plateau is due to the early crystallization of the
MP.
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Figure 2.19: Evolution of the SFC during isothermal crystallization at 15, 18, 20, 25 and
28 ○C of PO and the blends containing 1%, 2%, 4% and 8% MP.
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Figure 2.20 shows the complex modulus and phase angle recorded during isothermal crys-
tallization at different temperatures of PO and the blends containing 1% and 2% MP. The
blends with a higher MP concentration were not investigated as they displayed a bad oscil-
latory response due to the high sample consistency. Although each analysis was executed in
triplicate, only one exemplary curve is displayed, as there was very little variation between
the repetitions. The complex modulus ∣G*∣ can be defined as the ratio of the shear stress
to the applied deformation and is a measure of the consistency of a material. A higher∣G*∣ indicates a stronger and more rigid network structure in the material (De Graef, 2009;
Balgude et al., 2001; Willits & Skornia, 2004). In the isothermal crystallization curves, a
distinction between one-step and two-step behavior can be made. For the three products
investigated, it can be stated that a higher concentration of MP yielded a higher ∣G*∣
value, already from the α crystal phase onwards in case of a two-step crystallization. The
difference in end value at 15 ○C, although rather small, is only visible when the results are
plotted on a non-logarithmic scale. When looking at the SFC curves of the two MP blends
(Figure 2.19), it can be seen that they contain a higher solid fat content than PO (except
for the 1% MP blend at a higher temperature). However, this difference is rather limited
while it is clear from the rheology results that addition of MP yields a considerable change
in microstructure. Especially in the case of the 1% MP blend crystallized at 25 or 28°C,
this is apparent as no difference in SFC was detected while the complex modulus indicated
a different microstructure. The presence of MP seemingly allowed the PO TAGs to form,
together with the MP cores, a stronger and more rigid network structure.
The phase angle δ evaluates the viscoelastic properties of the system. In a pure viscous sys-
tem, e.g. a liquid oil, the phase angle equals 90○. When nucleation and crystal growth occur,
the phase angle decreases as the solid character of the crystallizing oil increases. When the
system becomes fully crystallized, the phase angle approaches zero (Toro-Vazquez et al.,
2004). The changes in the complex modulus coincide with the timescale of the variations in
the phase angle (Figure 2.20). Remarkably, a drastic decrease of the phase angle, indicating
a large amount of crystallization, is followed by an increase of the phase angle. This can
probably be related to the heat released during the crystallization process. This causes a
temporary temperature rise as the crystallization heat can not be removed immediately.
Crystals melt locally, hereby loosening the network structure which leads to an increase
of the phase angle (De Graef, 2009; De Clercq, 2011). After the increase, the phase angle
shows a slow decrease to lower values. However, in some cases, especially at the higher
temperatures, the phase angle shows a slightly increasing trend, similar to the observa-
tions of De Graef (2009). This was attributed to rearrangements in the network structure
(De Graef, 2009).
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Figure 2.20: Evolution of the complex modulus ∣G*∣ (circles) and phase angle δ (squares)
during isothermal crystallization at 15, 18, 20, 25 and 28°C of PO and the blends containing
1% and 2% MP.
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The difference in microstructure was also clear from the microscopy results. Figure 2.21
shows PLM images taken at the start of crystallization at 20 ○C. The sample containing 1%
MP had a similar microstructure as PO but, from a concentration of 2% MP onwards, a
coarser crystal structure with the presence of large, needle-like crystals could be observed
as more MP was added. Similar needle-like structures were observed in olive oil and cod
liver oil containing MAGs (Da Pieve et al., 2010; Kesselman & Shimoni, 2007). The mi-
crostructure of the MP/PO systems containing a substantial amount of MP thus seems to
be defined by the MAGs crystallizing in large, needle-like crystals.
Figure 2.21: PLM images taken at start of crystallization at 20 ○C for PO and the blends
containing 1%, 2%, 4% and 8% MP.
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Additionally, the microstructure was visualized using cryo-SEM. At ambient temperatures,
the samples contain both solid and liquid phases (Figure 2.19). During the cryo-treatment,
the sample is plunged into slushed nitrogen (−210 ○C) which effectuates a very rapid cool-
ing. This rapid cooling converts the liquid into a noncrystalline, vitreous or amorphous
phase (Jewell & Meara, 1970). Figure 2.22 shows SEM images of PO crystallized at 20 ○C
at two different magnifications. It can be seen that areas of highly crystalline material
are surrounded by regions of amorphous material. Figures 2.23 till 2.26 show images of
the PO blends containing different concentrations of MP. When 1% MP is present, the
microstructure is essentially the same as observed for PO. However, some crystal clusters
seem to be built around a central core, such as the left crystal cluster in the left image.
A more detailed image of such a core, probably consisting of MP crystals, is shown in the
right image. When 2, 4 and 8% MP are present, the MP crystals are revealed as large,
needle-like crystals surrounded by PO crystals and embedded in amorphous material. In
the case of 8% MP, it can be clearly seen that the needle-like crystals are composed of
layers, being of the order of 10 nm thick.
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Figure 2.22: Cryo-SEM images of PO taken at the start of crystallization at 20 ○C.
Figure 2.23: Cryo-SEM images of PO containing 1% MP taken at the start of crystalliza-
tion at 20 ○C.
Figure 2.24: Cryo-SEM image of PO containing 2% MP taken at the start of crystallization
at 20 ○C.
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Figure 2.25: Cryo-SEM image of PO containing 4% MP taken at the start of crystalliza-
tion at 20 ○C.
Figure 2.26: Cryo-SEM images of PO containing 8% MP taken at the start of crystal-
lization at 20 ○C.
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2.4 Conclusions
The goal of this chapter was to study the influence of MP on the crystallization process
of PO. Effects on the isothermal crystallization mechanism were investigated, as well as
effects on the crystallization kinetics and microstructural characteristics. Before investi-
gating the crystallization process of the blends, the crystallization of the pure components
was considered.
Investigation of the isothermal crystallization mechanism of PO without additives revealed
that, at a high degree of undercooling, PO showed a two-step crystallization with the for-
mation of α crystals in the first step. In the second step, these crystals transformed into
β’ crystals and additional β’ crystals were formed from the melt. At a lower degree of
undercooling, PO directly crystallized into the β’ polymorph. Investigation of the crystal-
lization behavior of pure MP confirmed that MP started to crystallize in the α form which
reversibly transformed to the sub-α polymorph upon further cooling.
When PO was blended with MP, an earlier onset of crystallization was observed. It was
found that the high-melting MP initiated the crystallization process. Similar to the pure
MAG substance, MP started to crystallize in the α form and then, if the concentration
was higher than 2%, transformation to sub-α occurred. The presence of MP caused an
earlier crystallization of the PO stearin fraction. This can be attributed to the previously
crystallized MP on which the PO TAGs could easily and quickly nucleate (heterogeneous
nucleation). When the degree of undercooling was high enough, PO crystallized in the
α polymorph which transformed to β’ during further isothermal crystallization. In the
case of pure PO, the cut-off temperature, above which PO directly crystallized in the
β’ polymorph, was situated between 20 and 25 ○C. Addition of MP increased this cut-off
temperature to a temperature between 25 and 28 ○C. The presence of MP did not have a
significant effect on the induction time needed to start the α → β’ transition. It can thus
be stated that PO containing MP showed a comparable crystallization mechanism as pure
PO. On the microstructural level, addition of MP to PO yielded a higher solid fat content,
a stronger, more rigid network structure and a coarser crystal structure defined by the
MAGs crystallizing in large, needle-like crystals.
The influence on the crystallization process of PO is thus confined to an earlier crystalliza-
tion through heterogeneous nucleation, and an effect on the crystal structure rigidity and
coarseness. Possible co-crystallization between the PO TAGs and MP will be clarified in
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chapter 4 by investigating the behavior of MP in the absence of PO TAGs, i.e. by blending
it with a fully liquid oil. The template effect of MAGs will be investigated in more detail
using synchrotron radiation microbeam X-ray diffraction in chapter 6.
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Chapter 3
Influence of a commercial
monoacylglycerol on the
crystallization mechanism of palm oil
as compared to its pure constituents
If all else fails, immortality can always be assured by spectacular error.
John Kenneth Galbraith
Relevant publication: Verstringe, S., Danthine, S., Blecker, C., & Dewettinck, K. (2014).
Influence of a commercial monoacylglycerol on the crystallization mechanism of palm oil
as compared to its pure constituents. Food Research International, 62, 694-700.
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3.1 Problem statement and research strategy
Polar lipids and other emulsifiers have traditionally been used in several food applications.
MAGs and DAGs are considered as the most important group, as they represent about
70% of total food emulsifier production (Moonen & Bas, 2004). Major areas of application
are bakery, margarines, ice cream and chewing gums. About 60% of all MAGs are used in
bakery (Moonen & Bas, 2004). Distilled commercial MAGs are produced from the reaction
of a natural fat or oil with glycerol, yielding a mixture of MAGs, DAGs and TAGs and a
small fraction of unreacted glycerol. Subsequently, a molecular distillation process yields
a distillate containing typically 95% MAGs, 3-4% DAGs, 0.5-4% free glycerol and 0.5-1%
free fatty acids (Krog & Sparso, 2004). The fatty acid composition reflects the chain length
distribution of the fat from which it is made (Stauffer, 2005).
Among other functions, MAGs can be used to control fat crystallization in fat-based prod-
ucts. In the previous chapter, the effect of pure MP on the crystallization process of PO
was investigated. However, pure MP (>99%) is too expensive to be used in everyday ap-
plications. Therefore, this study focuses on the effect of a commercial MAG, MyverolTM
18 04-PK (referred to as Myverol throughout the text), which is an inexpensive source of
MAGs. Myverol is produced from a fraction of hydrogenated PO. Palmitic acid (44-45%)
and oleic acid (39-40%) are the major fatty acids present in PO (Siew, 2002; Sumathi et al.,
2008). Consequently, the main constituents of Myverol are MP and monostearin (MS).
Using different techniques, the effect of Myverol on the crystallization process of PO was
investigated. In order to study how the effects of a commercial MAG differ from the effects
of pure MAGs, the two main components of Myverol, MP and MS, were added separately
to PO. The crystallization processes of the MP/PO and the MS/PO blends were then
compared to the crystallization process of the Myverol/PO blend.
3.2 Materials and methods
3.2.1 Materials
The PO (Loders Croklaan, Wormerveer, The Netherlands) defined in section 2.2.1 was
used. MyverolTM 18 04-PK (referred to as Myverol throughout the text) was obtained from
Kerry Group (Ireland). This commercial emulsifier contained 60.17±0.22% palmitic acid
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and 37.29±0.50% stearic acid as determined by gas chromatography (three repetitions).
According to the supplier, Myverol contained a minimum of 95% MAGs. Pure MP (>99%)
and pure MS (>99%) were obtained from Nu-Chek Prep (Elysian, USA). An imitated
Myverol sample was prepared by mixing MP and MS in the same ratio as they are present
in Myverol, i.e. 62% MP and 38% MS.
3.2.2 Preparation of the monoacylglycerol/palm oil blends
Different concentrations of Myverol (1, 2, 4 and 8% w/w), imitated Myverol (8% w/w)
and MP and MS (8% w/w) were blended with PO as described in section 2.2.2.
3.2.3 Differential scanning calorimetry (DSC)
DSC experiments were performed with a Q1000 DSC (TA Instruments, New Castle, USA).
The details of the experimental setup can be found in section 2.2.4. Non-isothermal and
isothermal crystallization experiments were performed as described in section 2.2.4.
3.2.4 Time-resolved synchrotron X-ray diffraction (XRD)
Polymorphic behavior of the MAGs and the MAG/PO blends was investigated by XRD
using synchrotron radiation. The details of the experimental setup can be found in section
2.2.6. The followed time-temperature profiles are equal to those described in the afore-
mentioned section.
3.2.5 Polarized light microscopy (PLM)
Samples were viewed between crossed polarizers in a Leitz Diaplan light microscope (Leitz,
Wetzlar, Germany) mounted with a Linkam hot stage (Linkam, Tadworth, UK). The ex-
perimental setup and time-temperature profiles are described in section 2.2.9.
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3.2.6 Statistical analysis
One-way ANOVA was performed on the measurements using SPSS Statistics 20 to detect
statistically significant differences (p<0.05). To identify the differences, Tukey’s test was
used in the case of equal variances while Dunnett’s T3 test was used when the variances
were not equal.
3.3. RESULTS AND DISCUSSION 85
3.3 Results and discussion
3.3.1 Crystallization behavior of Myverol and its pure consti-
tuents
Before investigating the behavior of the MAGs in blends with PO, it is useful to obtain
insight into the crystallization behavior of the pure MAG substances. Indeed, similar to
TAGs, MAGs crystallize and melt at certain temperatures and form different polymorphs
depending on the temperature (Vereecken et al., 2009b). The crystallization and melting
profile of Myverol and its main constituents, MP and MS, are shown in Figure 3.1.
Figure 3.1: Crystallization (upper curve) and melting (lower curve) profile of (A) Myverol,
(B) MP and (C) MS as measured by DSC.
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In all three cases, the melting profile is similar to the profile during cooling. The crys-
tallization behavior of MP was already described in the previous chapter. There, it was
concluded that MP first crystallized into an α polymorphic form which transformed into a
sub-α polymorph upon further cooling. This transformation occurs via the solid state and
is reversible, as can be seen in the melting profile. Sub-α forms do not have a melting point.
However, the enthalpy change associated with the transition can be measured by DSC and
yields a ‘melting point’ (i.e. the peak temperature) (Hagemann, 1988; Krog, 2001).
Similar to MP and in accordance with the study of Vereecken et al. (2009b), MS firstly
crystallized into an α polymorph, followed by a transformation to sub-α upon further
cooling. In contrast to MP, a second sub-α polymorph could be detected (Figure 3.1). This
is observed for MAGs with a chain length of at least 18 carbon atoms (Hagemann, 1988).
The sequence of polymorphic transitions was confirmed with XRD. Figure 3.2 shows SAXS
frames during cooling and subsequent heating of MS.
Figure 3.2: SAXS diffraction patterns of MS during cooling and subsequent heating
between 100 ○C and 0 ○C.
In the molten state, a broad, diffuse peak at 30 A˚ indicates a degree of ordering. At 70 ○C,
the appearance of a long spacing peak at 49.8 A˚ indicates the start of α crystallization.
The transformation to the first sub-α polymorph at 45 ○C coincides with a shift of the
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peak to a lower d-value (48.9 A˚). When the transformation to the second sub-α polymorph
takes place, a small shift of the long spacing to d=49.1 A˚ is observed. Remarkably, this
shift occurred around 15 ○C, which is much lower than the corresponding temperature
observed in the DSC profile (Figure 3.1). The temperatures at which α crystallization
and transformation to sub-α1 were detected by XRD were also somewhat lower than the
corresponding temperatures observed by DSC. A difference in sensitivity between both
techniques could maybe explain this difference. During heating, the transformation from
sub-α2 to sub-α1 occurred at 35 ○C and that from sub-α1 to α at 55 ○C. The sample was
completely melted above 85 ○C.
The commercial emulsifier Myverol showed a lower α crystallization temperature compared
to its main constituents (Figure 3.1). A transformation to sub-α was also observed but at a
considerably lower temperature compared to the pure MAGs. The SAXS patterns recorded
during cooling and subsequent heating of Myverol confirm these observations (Figure 3.3).
Figure 3.3: SAXS diffraction patterns of Myverol during cooling and subsequent heating
between 100 ○C and 0 ○C.
A degree of ordering in the molten state is also in this case evident from a broad and
diffuse long spacing at d=30 A˚. At 65 ○C, α crystallization yielded a long spacing peak at
d=52.0 A˚. In accordance with the DSC observation, the shift of the SAXS peak due to
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transformation to sub-α occurred at 10 ○C. During heating, the transformation from sub-α
to α occurred at 15 ○C and the sample was completely melted above 80 ○C. Despite the
presence of monostearin, only one sub-α polymorph could be detected. The behavior of
Myverol confirms the observation of Krog (2001), who stated that a mixture of MAGs has
lower melting and crystallization temperatures and a less complicated polymorphic behav-
ior than the pure components. Molecular incompatibility of the different MAGs present in
a commercial emulsifier probably causes these observations.
3.3.2 Effect of Myverol on the non-isothermal crystallization
mechanism of palm oil
Myverol was added to PO in different concentrations (1, 2, 4 and 8%) and the crystallization
process of the blends was investigated. Figure 3.4 shows DSC crystallization curves of PO
and the Myverol blends. As discussed in the previous chapter, two distinctive peaks can
be discerned in the case of PO, representing the stearin and olein fraction (peaks 2 and 1
respectively). Crystallization started at 18.42 ± 0.24 ○C, as confirmed with DSC and XRD
(chapter 2).
Figure 3.4: DSC crystallization curves recorded during cooling of PO and PO blended
with 1%, 2%, 4% and 8% Myverol.
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Table 3.1 lists the crystallization onset temperatures of the different blends. They were
determined by the intersection of the baseline with the absolute highest tangent of the
first crystallization peak in Figure 3.4. Peak 2 was thus analyzed for PO and the blend
containing 1% Myverol while a third peak was analyzed for the blends with a higher
Myverol concentration. For the latter blends, also the crystallization onset temperature of
the PO stearin fraction was determined (peak 2). These values are reported in the second
column of Table 3.1. Similar to the conclusions drawn from Table 2.2 for PO containing MP,
it can be concluded that a higher Myverol concentration caused an earlier crystallization,
already significant from a concentration of 1% onwards (Tonset in Table 3.1). The PO stearin
fraction started to crystallize earlier in the presence of Myverol (Tonset of the PO stearin
fraction in Table 3.1, peak 2 in Figure 3.4). Similar to MP, this is probably caused by the
crystallized Myverol acting as a template.
Table 3.1: Crystallization onset temperatures and stearin crystallization onset tempera-
tures of PO and PO blended with 1%, 2%, 4% and 8% Myverol.
% Myverol Tonset (○C)* Tonset of the PO stearin fraction (○C)*
0
1
2
4
8
18.42±0.24 (e)
23.04±0.22 (d)
29.08±0.17 (c)
39.1±1.1 (b)
45.49±0.26 (a)
18.42±0.24 (d)
23.04±0.22 (b,c)
23.01±0.06 (c)
23.68±0.03 (b)
24.10±0.04 (a)
* Column results with the same lower-case letter are not significantly different (p<0.05).
When 8% Myverol is added to PO, an extra peak at a lower temperature (8.65 ○C) appeared
(indicated with an arrow in Figure 3.4). To investigate whether this peak was caused by
the presence of other components in the commercial emulsifier (such as the small amounts
of DAGs and TAGs), an imitation emulsifier only containing MAGs was prepared. This
imitation emulsifier only consisted of the pure main constituents of Myverol, MP and MS.
The ratio was based on the GC determination of the amount of palmitic acid and stearic
acid in Myverol (see Materials and methods section). As Myverol contains at least 95%
MAGs, it was assumed that the ratio of MP and MS in Myverol is approximately equal to
the ratio of their respective fatty acids as determined by GC analysis. Figure 3.5 compares
the crystallization profile of PO with 8% Myverol (same profile as in Figure 3.4) and PO
with 8% of the imitated Myverol added. In accordance with the statement of Krog (2001)
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mentioned in the previous section, the more pure imitation sample crystallized earlier.
Important is, however, that both samples showed the extra peak at the lower temperature
(indicated with an arrow in Figure 3.5) with the peak also appearing sooner for the more
pure imitation sample. The presence of this extra peak cannot be attributed to the other
components present in Myverol, but is due to the present MAGs.
Figure 3.5: DSC crystallization curves recorded during cooling of PO containing
8% Myverol and 8% imitated Myverol.
To investigate which polymorphs are formed during cooling of the 8% Myverol blend,
WAXD and SAXS patterns were recorded during cooling to 0 ○C (Figure 3.6 displays the
patterns from 60 ○C to 0 ○C). In the molten state, a very weak and diffuse SAXS peak is
present around d=25 A˚, probably indicating a degree of ordering of the Myverol molecules
similar to the pure Myverol. A clear diffraction peak appeared at 48 ○C at d=51.4 A˚, indi-
cating the formation of an α polymorph. This peak is most probably attributable to the
crystallization of the high-melting Myverol in α, similar to the crystallization of the pure
substance (see previous section). Remarkably, the WAXD patterns show a double peak
at 4.17 A˚ and 4.21 A˚. Probably, this is caused by the presence of two main MAGs (MP
and MS) in Myverol. However, the presence of a single SAXS peak indicates that the two
MAGs probably crystallize in the same crystal layer. At 24 ○C, a shoulder appeared in the
SAXS patterns and the WAXD peaks merged into one big peak at 4.16 A˚. This can be
attributed to the start of α crystallization of PO. When the crystallization temperature
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dropped to 10 ○C, extra WAXD peaks could be detected at d=4.19 A˚, d=3.96 A˚, d=3.84 A˚
and d=3.66 A˚. The SAXS peak at d=51.4 A˚ shifted to d=49.8 A˚. This can be ascribed
to a transformation to a sub-α polymorph. The extra SAXS peak detected below 5 ○C is
probably due to the start of the crystallization of the PO olein fraction.
Figure 3.6: (A) WAXD and (B) SAXS diffraction patterns of the 8% Myverol blend
during cooling to 0 ○C.
The small peak observed in the DSC crystallization profile at 8.65 ○C is thus due to the α
to sub-α transition of Myverol. Similarly, it was found that when a commercial MAG is
dissolved in liquid oil, peaks corresponding to α and sub-α polymorphs are subsequently
found during cooling (Chen et al., 2009). This will be discussed in more detail in chapter 4.
At lower concentrations of Myverol, the transformation to sub-α is not visible in the DSC
profile. In these cases, the concentration of Myverol is probably too low to yield a distin-
guishable peak.
During isothermal crystallization at 20 ○C, the PO crystals transformed from α to β’,
similar to the PO blends containing MP discussed in chapter 2. This transition caused
an exothermal peak in the isothermal DSC curves. As described in the previous chapter
(section 2.3.4), the induction time necessary to start the formation of β’ crystals can be
determined using a Foubert fit. The analysis method is explained in detail in section 2.3.4.
Table 3.2 lists the induction times tind resulting from the Foubert fit for the different
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Myverol blends at 20 ○C. It can be seen that the addition of Myverol did not have a
significant effect on the starting point of the α → β’ transition.
Table 3.2: Parameter tind (h) resulting from the Foubert model fit for PO and the blends
containing 1%, 2%, 4% and 8% Myverol at 20 ○C.
%Myverol tind (h)*
0
1
2
4
8
0.100±0.009 (a)
0.119±0.004 (a)
0.129±0.012 (a)
0.1183±0.0025 (a)
0.122±0.012 (a)
* Column results with the same lower-case letter
are not significantly different (p<0.05).
3.3.3 Comparison of the effect of Myverol, monopalmitin and
monostearin
For comparison purposes, it was decided to use blends with a concentration of 8% MAG, as
this high concentration gives more clear effects. Figure 3.7 shows the DSC crystallization
profiles of PO containing 8%MP and 8% MS together with the crystallization profile of PO.
It can be seen that, similar to Myverol, the pure MAGs caused an earlier crystallization
along with the appearance of extra crystallization peaks at higher temperatures. The blend
containing 8% MP showed 2 extra peaks while the MS blend showed 3 extra peaks. Similar
to the case of Myverol (see previous section), the extra crystallization peaks are due to
the α crystallization and subsequent transformation to sub-α of the MAG. In accordance
with the results obtained for the pure substances, one sub-α polymorph was detected in
the case of MP addition, while two sub-α polymorphs were detected in the case of MS.
The polymorphic forms were confirmed with X-ray diffraction. WAXD and SAXS patterns
of the MP/PO blend during cooling were discussed in chapter 2. For the MS/PO blend, the
diffraction patterns are shown in Figure 3.8. Similar to pure MS, a broad and very diffuse
peak was present around d=25 A˚ in the molten state, indicative of liquid ordering. During
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Figure 3.7: DSC crystallization curves recorded during cooling of PO and PO blended
with (A) 8% MP and (B) 8% MS.
cooling of the 8% MS blend, a short spacing peak at 4.15 A˚ and a long spacing peak at
50.6 A˚ appeared at 54 ○C due to the crystallization of MS in the α form. At 46 ○C, the shift
of the SAXS peak to 49.7 A˚, the shift of the WAXD peak to 4.19 A˚ and the appearance
of peaks at 3.96 A˚, 3.81 A˚ and 3.64 A˚ confirm the occurrence of a transformation to sub-α.
At 28 ○C, the latter three peaks have shifted to lower d-values (3.85 A˚, 3.70 A˚ and 3.55 A˚).
Similar to the observations of Watanabe (1997), these peaks are connected with a sub-α2
polymorph. The transformation from the first sub-α polymorph to the second caused the
SAXS peak to shift to a slightly higher d-value (50.1 A˚). The start of PO crystallization
in α was detected by the appearance of an extra long spacing peak at 47.7 A˚ when the
temperature reached 24 ○C. Similar to the blend containing Myverol, the extra SAXS peak
detected below 5 ○C is probably caused by the start of the crystallization of the PO olein
fraction.
The crystallization onset temperatures were determined for the different MAG blends and
are reported in Table 3.3. They were determined by the intersection of the baseline with the
absolute highest tangent of the first crystallization peak. A blend containing MS has the
highest crystallization temperature, due to the crystallization of the highest-melting MAG
(i.e. MS). The blends containing MP and Myverol had a lower crystallization temperature.
Table 3.3 also reports the onset temperatures of the PO stearin fractions of the different
blends. This fraction starts to crystallize earlier in the presence of MAGs, probably through
a template effect of the previously crystallized MAGs. This will be investigated in more
detail for MP in chapter 6.
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Figure 3.8: (A) WAXD and (B) SAXS diffraction patterns of the 8% MS blend during
cooling to 0 ○C.
Table 3.3: Crystallization onset temperatures and stearin crystallization onset tempera-
tures of PO and PO blended with 8% Myverol, 8% MP and 8% MS.
Tonset (○C)* Tonset of the PO stearin fraction (○C)*
PO
8% Myverol
8% MP
8% MS
18.42±0.24 (d)
45.49±0.26 (c)
43.4±0.3 (b)
52.5±0.7 (a)
18.42±0.24 (c)
24.10±0.04 (a,b)
24.27±0.06 (a)
23.47±0.17 (b)
* Column results with the same lower-case letter are not significantly different (p<0.05).
It was concluded above (previous section and section 2.3.4) that Myverol as well as MP
did not have a significant effect on the starting point of the α → β’ transition. In the same
way, it was determined that the induction time to start this transition was 0.11 ± 0.00 h
when 8% MS was added to PO. This value is not significantly different from that of PO.
It can thus be concluded that neither of the MAGs studied had an effect on the starting
point of the α → β’ transition of PO.
In the previous chapter, a coarser crystal structure with the presence of large, needle-like
crystals was observed when more MP was added to PO. Similarly, it was found that the
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addition of Myverol and MS gave a more coarse crystal structure with large, needle-like
crystals (Figure 3.9). The microstructure of MAG/PO systems thus seems to be defined
by the MAGs crystallizing in large, needle-like crystals.
Figure 3.9: PLM images taken at the start of crystallization at 20 ○C for PO and PO
blended with 8% Myverol, 8% MP and 8% MS.
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3.4 Conclusions
The crystallization process of PO containing Myverol, a commercial emulsifier, was inves-
tigated. Moreover, the two main components of Myverol, which are MP and MS, were
added separately to PO and their effects on the crystallization process were compared to
the effects of Myverol. It could be concluded that the crystallization process of MAG/PO
blends is initiated by the MAGs. Similar to the pure MAG substances, they start to crys-
tallize in the α form and then transform to sub-α. Dependent on the purity of the MAG,
the transformation to sub-α takes place before (single MAGs) or after (commercial MAG)
the PO stearin starts to crystallize. Despite this difference, the crystallization of the PO
stearin fraction is promoted in the presence of each investigated MAG. Moreover, none of
the added MAGs had a significant effect on the starting point of the α to β’ transition of
the PO crystals at 20 ○C.
In line with the conclusions drawn in the previous chapter, the effect of the investigated
MAGs on the crystallization of the PO TAGs is confined to an earlier crystallization,
probably through a template effect, and an effect on the crystal structure coarseness. The
template effect of MAGs will be investigated in more detail in chapter 6.
Chapter 4
Monoacylglycerols in a liquid
environment
The world doesn’t care how many times you fall down, as long as it’s one fewer than the
number of times you get back up.
Aaron Sorkin
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4.1 Problem statement and research strategy
The behavior of MAGs in a continuous crystallizing fat system is frequently studied (Smith
et al., 2011). In this kind of systems, it is often suggested that chemical and structural
affinity between the crystallizing TAGs of the fat and the MAG results in co-crystallization
of the molecules. This interaction or solid solution formation probably does not occur in
liquid oil systems. Therefore, the behavior of MP and MyverolTM 18 04-PK (Myverol) in
liquid oil was investigated and compared to the behavior in PO, as discussed in chapters
2 and 3. In this way, a fundamental insight into the crystallization behavior of a saturated
MAG in a hydrophobic environment is obtained. To the best of our knowledge, a study
comparing the behavior of a MAG in both liquid oil and solid fat is non-existing.
Next to a deeper fundamental insight into the crystallization behavior in a hydrophobic
environment, the addition of MAGs to liquid oil is also interesting from a practical point of
view as they represent a strategy to structure oil without using solid fat, which implicates
health advantages (Pernetti et al., 2007; Rogers, 2009). However, the behavior of MAGs
in liquid oil is scarcely documented in literature. Most authors assume that the phase
behavior of MAGs in liquid oil is similar to that in water. The behavior of saturated
MAGs in water has been studied for years, is well known and generally accepted. To the
best of our knowledge, no study exists that compares the behavior of the same MAG in
both liquid oil and water under the same conditions. As a lot of uncertainty remains, the
second goal of this study was to elucidate differences and similarities between the behavior
of a saturated MAG in liquid oil versus water.
This study thus aimed at filling two gaps in literature, i.e. a comparison of the behavior
of a saturated MAG in liquid oil versus a solid fat on the one hand and the behavior in
liquid oil versus water on the other hand. XRD data obtained using synchrotron radia-
tion were coupled with DSC data and cryo-SEM images were recorded to illustrate the
microstructural characteristics of the systems.
4.2 Materials and methods
4.2.1 Materials
MP (Nu-Chek Prep, Elysian, USA) and MyverolTM 18 04-PK (referred to as Myverol
throughout the text) (Kerry Group, Ireland) as defined in section 3.2.1 were used. Rapeseed
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oil (RO), chosen as liquid oil because it is a commonly used vegetable oil, was purchased
at a local supermarket.
4.2.2 Preparation of the blends
Different concentrations of MP and Myverol were dispersed in RO and stirred with a mag-
netic stirrer at 70 ○C until a homogeneous sample was obtained. When the blend was visibly
free of dispersed material, it was further mixed for at least 30 min. Different concentrations
of MP and Myverol were added to distilled water and held for 30 min in a waterbath at
60 ○C while vortexing regularly. The blends were stored at −24 ○C until analysis.
4.2.3 Differential scanning calorimetry (DSC)
DSC experiments were performed with a Q1000 DSC (TA Instruments, New Castle, USA).
The details of the experimental setup can be found in section 2.2.4. Non-isothermal crys-
tallization curves were recorded by cooling the samples at −10 ○C/min after a holding time
of 10 min at 80 ○C.
4.2.4 Time-resolved synchrotron X-ray diffraction (XRD)
Polymorphic behavior of the blends during cooling was investigated by XRD using syn-
chrotron radiation. The details of the experimental setup can be found in section 2.2.6.
The RO blends were cooled at −10 ○C/min after holding at 80 ○C for 10 min. The water
blends were held at 60 ○C for 10 min before cooling at −10 ○C/min.
4.2.5 Gas chromatography (GC)
Fatty acid methyl esters (FAME) were produced by dissolving one drop (10 − 20 mg) of
sample in 9 mL hexane and reacting with 1 mL 2 N KOH/methanol reagent. The blend
was shaken for 30 s at room temperature and then allowed to settle. Approximately 1.5 mL
of the hexane layer was carefully decanted in a GC vial. High resolution FAME GC was
carried out on an Interscience Thermofocus GC with an RTX-2330 column (cyanopropyl
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polysiloxane, 60 m length, 0.25 mm internal diameter, 0.2µm layer thickness). Hydrogen
was used as carrier gas. 1.0µL of sample solution was injected via a split/splitless injector
(split ratio: 20:1) using an autosampler. The oven temperature was programmed from 50 ○C
for 8 min, 50 to 182 ○C at 5 ○C/min, holding at 182 ○C for 20 min, 182 to 200 ○C at 5 ○C/min
and holding at 200 ○C for 5 min. Detection was via FID set to 250 ○C.
4.2.6 Cryo-scanning electron microscopy (cryo-SEM)
The microstructure of the blends was visualized using a Jeol JSM-7100F scanning electron
microscope (Jeol (Europe) B.V., Zaventem, Belgium) as described in section 2.2.10.
4.2.7 Statistical analysis
To detect statistically significant differences (p<0.05), one-way ANOVA was performed
using SPSS Statistics 20. To identify the differences, Tukey’s test was used in the case of
equal variances while Dunnett’s T3 test was used when the variances were not equal.
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4.3 Results and discussion
4.3.1 Monoacylglycerols in liquid oil
Monopalmitin in rapeseed oil
MP was added to RO in order to gain insight into the crystallization behavior of MP in
the absence of crystallizing TAGs. DSC and XRD measurements confirmed that RO only
started to crystallize below −20 ○C (results not shown). Figure 4.1 shows DSC crystallization
curves recorded during cooling of RO blended with MP in different concentrations (1, 2, 4
and 8%). The crystallization onset temperatures of the different MP/RO blends are listed
in Table 4.1. They were determined by the intersection of the baseline with the absolute
highest tangent of the crystallization curve (Figure 4.1). The onset temperatures were all
significantly different. Similar to the PO systems, they were lowered as the concentration
decreased due to blending with lower-melting components (Zhou & Hartel, 2006).
Figure 4.1: DSC crystallization curves recorded during cooling of RO blended with 1%,
2%, 4% and 8% MP.
When the onset temperatures of MP in RO are compared with those of MP in PO (see
Table 2.2), it can be seen that MP started to crystallize earlier in RO than in PO. For
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Table 4.1: Crystallization onset temperatures of RO containing different concentrations
of MP.
% MP Tonset (○C)*
1
2
4
8
25.0±0.9 (d)
32.8±0.7 (c)
41.6±0.7 (b)
49.12±0.20 (a)
* Column results with the same lower-case letter
are not significantly different (p<0.05).
every concentration, it was found that the crystallization onset temperature in PO was
significantly lower (p<0.05) than that in RO. MP was thus more soluble in PO than in RO.
This can probably be attributed to the higher degree of similarity in terms of acyl chains
between MP and PO. As can be seen in Table 4.2, showing the fatty acid composition of
the used PO and RO, palmitic acid is the major fatty acid in PO (46.65 ± 0.18 %) while it
is present in RO only in a small amount (4.691 ± 0.009 %).
Table 4.2: Fatty acid composition of the used PO and RO (% of the total fatty acid
content).
Fatty acid Palm oil Rapeseed oil
Myristic acid
Palmitic acid
Stearic acid
Oleic acid
Linoleic acid
Linolenic acid
1.302±0.004
46.65±0.18
4.08±0.05
37.59±0.07
8.877±0.005
0.371±0.014
0.045±0.004
4.691±0.009
1.50±0.03
60.79±0.05
19.612±0.021
9.65±0.03
At the highest concentration (8%), two crystallization peaks were present (Figure 4.1).
When the concentration of MP was lowered to 4%, the two peaks showed overlap. When the
concentration decreased further, only one crystallization peak could be detected. Chapter 2
discussed blends of MP in PO. There, the crystallization process of PO blends containing
4 and 8% MP was concluded to be initiated by the MP crystallizing in α, followed by a
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transformation of the α crystals to sub-α. These two consecutive steps yielded two DSC
exothermic peaks which overlapped in the case of 4% MP. The XRD results of the PO
blends containing 1 and 2% MP pointed towards a crystallization of the MP in α without
subsequent transformation to sub-α. The findings for the MP/PO blends are comparable
to the DSC observations of the MP/RO blends. To confirm the polymorphic forms, WAXD
and SAXS diffraction patterns were recorded during cooling to 0 ○C (Figures 4.2 and 4.3).
Figure 4.2: WAXD diffraction patterns of RO containing (A) 1% MP, (B) 2% MP,
(C) 4% MP and (D) 8% MP during cooling to 0 ○C.
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Figure 4.3: SAXS diffraction patterns of RO containing (A) 1% MP, (B) 2% MP,
(C) 4% MP and (D) 8% MP during cooling to 0 ○C.
The XRD measurements confirmed the crystallization in α and subsequent transformation
to sub-α in the case of 4 and 8% MP. Similar to the MP/PO blend containing 8% MP
(see Figure 2.13), the 8% MP/RO blend also showed a small, broad SAXS peak around
d=25 A˚ when the sample was in the molten state. This is indicative of a certain degree of
liquid ordering, which could not be detected when the concentration of MP was lower. The
8% MP blend started to crystallize in α when the temperature reached 50 ○C, as evidenced
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by the appearance of a WAXD peak at d=4.17 A˚ and a SAXS peak at d=46.2 A˚. At 38 ○C,
the transformation to sub-α started, as seen by the appearance of typical WAXD peaks
(d=4.21 A˚, d=3.53 A˚, d=3.70 A˚ and d=3.86 A˚) and the decrease of the long spacing value
to d=45.5 A˚. When 4% MP was present in RO, the MP started to crystallize at 42 ○C
and the transformation to sub-α took place at 36 ○C. The polymorphic behavior of 4 and
8% MP in RO thus equals that in PO.
Although the crystallization temperature of MP in RO decreased when the concentration
was lower, the temperature of sub-α transformation was more or less constant. The latter
can be clearly seen in the DSC curves of the 4% and the 8% blend (Figure 4.1). The peak
temperatures were found not be significantly different (p<0.05). Moreover, this temperature
is also similar, although the peak temperatures were found to be significantly different,
to the transition temperature observed in the MP/PO blends, where the transition onset
temperature was found to lie just below 35 ○C (section 2.3.3). In the RO blends containing a
low concentration of MP (1 and 2%), crystallization of the MP only started below the sub-α
transition temperature. The SAXS results clearly show that in these blends no polymorphic
transition occurred during cooling, as the long spacing peak showed no shift. However, the
WAXD patterns gave no decisive answer about the polymorphic form formed, although
it can be said that the patterns showed very weak peaks typical of a sub-α polymorph.
In contrast to the results obtained for a low concentration of MP in PO, where no sub-α
peaks could be detected, the results obtained for RO thus point to a direct crystallization
of the MP in the sub-α polymorph at a low MP concentration.
As mentioned in the literature study, Chen et al. (2009) conducted a detailed study of
the phase behavior of a commercial C18 MAG in hazelnut oil. They found that an inverse
lamellar phase with a hexagonal ordering was formed on cooling the well-mixed liquid
isotropic phase. When the temperature was further decreased, the inverse lamellar phase
transformed into a sub-α crystalline phase (Figure 1.12). They reported no signs of ordering
in the molten state, as was observed in the SAXS patterns of the RO blend containing
8% MP. Similar to our observations, α crystallization was followed by a transformation
to sub-α with a decreasing onset temperature of α crystallization when the concentration
decreased and a constant temperature of sub-α transformation (Figure 1.12). A detail of the
phase behavior at low concentrations is shown in Figure 4.4. It can be seen that this group
found that the MAGs directly crystallize in the sub-α polymorph when the concentration
was low enough.
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Figure 4.4: Phase diagram of a low concentration of C18 MAG in hazelnut oil (adapted
from Chen et al. (2009)).
It is remarkable that the polymorphic behavior of a low concentration of MP in PO would
differ from that in RO, since the behavior of a higher concentration is the same in both
systems. A low concentration of MP probably shows the same polymorphic behavior in PO
and in liquid oil. However, the weak XRD signals of these strongly diluted MP/PO and
MP/RO systems were unable to unambiguously clarify the formed polymorphic form.
The peak area of the α crystallization of the RO blend containing 8% MP is 7.11 ± 0.22 J/g
(Figure 4.1) while this is 7.16 ± 0.22 J/g in the case of PO containing the same concentration
of MP (Figure 2.11). Theoretically, the peak area should be 8.99 ± 0.04 J/g based on the
peak area of the α crystallization of pure MP (Figure 2.7). The peak areas of the blends
of MP are thus not higher than theoretically expected. Interestingly, the peak area is not
significantly different in PO and in RO. As it is unlikely that RO TAGs will co-crystallize
with MP, these findings make a reasonable case for stating that no PO TAGs co-crystallize
with the MP.
The microstructure of the RO blend containing 8% MP was visualized using cryo-SEM.
Figure 4.5 shows that the MP crystals, embedded in amorphous RO, are composed of layers
which seem to form needle-like lamellar structures. Similar to the layers observed in a PO
blend containing 8% MP, the thickness of the layers is of the order of 10 nm.
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Figure 4.5: Cryo-SEM images of RO containing 8% MP taken at 20 ○C.
Myverol in rapeseed oil
The behavior of MP in RO is similar to that of MP in PO. To determine whether this
is also the case for the commercial emulsifier Myverol, studied in chapter 3, a blend of
8% Myverol in RO was prepared and studied by DSC and XRD. Figure 4.6 shows the
DSC crystallization curve of this blend while Figure 4.7 shows the WAXD and SAXS
diffraction patterns recorded during cooling.
The DSC crystallization curve shows two peaks, corresponding with the crystallization in
α and transformation to sub-α, as confirmed with XRD. In the molten state, a small, broad
SAXS peak around d=25 A˚ was present, as in the case of the PO blend. The long spacing
peak showed a shift when the transformation to sub-α took place. Similar to the PO blend,
the WAXD patterns showed two peaks for the α polymorph, probably attributable to the
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Figure 4.6: DSC crystallization curve recorded during cooling of RO blended with 8%
Myverol.
presence of two main MAGs (MS and MP) in Myverol. The transformation to sub-α was
clear from the appearance of typical peaks at d=4.21 A˚, d=3.67 A˚, d=3.81 A˚ and d=3.95 A˚.
Similar to MP, Myverol is more soluble in PO than in RO as the crystallization onset
temperature is higher in RO (52.62 ± 0.18 ○C) than in PO (45.49 ± 0.26 ○C, see Table 3.1).
Again, the temperature of sub-α transformation was more or less similar in both RO and
PO. Where the peak maximum of the sub-α transition was 8.65 ± 0.05 ○C in the case of the
PO blend, this was 10.9 ± 0.5 ○C when 8% Myverol was added to RO.
Similar to MP, the peak area of the α crystallization of Myverol was not significantly
different in PO and in RO (6.34 ± 0.40 J/g versus 7.21 ± 0.52 J/g), indicating non-existence
of co-crystallization between Myverol and the PO TAGs.
In conclusion, the crystallization behavior of both MP and Myverol in RO equals the
respective behavior in PO.
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Figure 4.7: (A) WAXD and (B) SAXS diffraction patterns of RO containing 8% Myverol
during cooling to 0 ○C.
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4.3.2 Monoacylglycerols in water
Only a limited number of authors have investigated MAG/liquid oil systems in detail. Most
authors assume that the phase behavior of MAGs in liquid oil is similar to that in water.
In order to investigate similarities and dissimilarities in the phase behavior of MAGs in
both liquid oil and water, 8% MP was added to water and its crystallization behavior
was compared with that of MP blended with RO, as discussed in the previous section.
Figure 4.8 shows an overlay of the DSC crystallization curves of 8% MP in both liquid
systems. In RO, MP crystallizes in α after which it transforms to sub-α, giving rise to two
exothermic peaks in the DSC crystallization profile. The system in water also shows two
exothermic peaks.
Figure 4.8: DSC crystallization curves recorded during cooling of 8% MP in RO and
8% MP in water.
WAXD and SAXS measurements during cooling confirmed that these two peaks can be
attributed to the transition to α and sub-α respectively. Figure 4.9 shows the WAXD and
SAXS patterns recorded during cooling to 0 ○C. At 60 ○C, the WAXD patterns showed a
weak and relatively diffuse peak at about 3.3 A˚, similar to a pure water sample (result
not shown). Although no diffraction peaks were present in the WAXD patterns, the SAXS
patterns showed a small peak at 52.1 A˚ which shifted to higher values as the temperature
decreased. In this temperature range, a blend of MP in water forms a lamellar mesophase
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consisting of lipid bilayers alternated by water layers. The detected long spacing coincides
with the thickness (d) including the MP bilayer (da) and the water layer separating one lipid
layer from another (dw). This is schematically shown in Figure 4.10A (Heertje et al., 1998).
Typically, a water layer thickness of about 20 A˚ is reached in various systems (Larsson &
Krog, 1973). This means that the thickness of the MP bilayer probably is about 30 A˚.
This value is similar to the one found in the molten state of the pure MAG (30 A˚) and
the molten PO and RO blends containing 8% MP (25 A˚). This indicates that these lipid
systems probably have a bilayer ordering of the MP molecules in the molten state. The
shift of the long spacing peak of the lamellar mesophase to higher values with decreasing
temperature can be attributed to a decreased flexibility and rearrangement of the lipid
tails (Mezzenga et al., 2005).
Figure 4.9: (A) WAXD and (B) SAXS diffraction patterns of water containing 8% MP
during cooling to 0 ○C.
When the temperature decreased to 48 ○C, a SAXS peak at d=58.6 A˚ and a WAXD peak
at d=4.24 A˚ appeared, indicating the formation of a hexagonally ordered α polymorph.
This phase is called the α-gel phase and has a lamellar structure but the hydrocarbon
chains are now in a crystalline state, as schematically shown in Figure 4.10B. Only 8% MP
is present in this blend, so more water is present than the amount corresponding to a
water layer thickness of about 20 A˚. When this is the case, closed particles with a lamellar
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Figure 4.10: Schematic representation of (A) the lamellar mesophase and (B) the α-gel
phase of a MAG/water mixture (adapted from Heertje et al. (1998)).
structure (liposomes) are known to form with the excess water forming a separate phase.
In this way, direct contact between bulk water molecules and water molecules associated
with lipid bilayers is avoided (Krog, 1997). The liposomal structures formed in the 8% MP
blend were visualized with cryo-SEM, as shown in the images in Figure 4.11. It should be
noted that, although the formation of liposomes is a generally accepted given, visualization
of such structures in systems containing saturated MAGs is rarely found in literature.
Heertje et al. (1998) visualized onion-shaped multi-lamellar vesicles with a diameter of
approximately 2.5µm in the α-gel phase of a commercial saturated MAG. In a system
containing polyglycerol fatty acid esters (mainly palmitic and stearic acid), closed, spherical
to ellipsoidal shells with a diameter of approximately 5µm were visualized (Duerr-Auster
et al., 2007). As also remarked by Larsson & Krog (1973), the formation of closed vesicles
in the α-gel phase is quite remarkable, as there should be a considerable strain against
curved layers with ordered hydrocarbon chains.
As temperature decreased, the SAXS peak showed a small shift to lower values, indicating
a shrinking of the structure. When the temperature reached 12 ○C, the SAXS peak shifted
to d=46.2 A˚ and the appearance of extra WAXD peaks indicated the transformation of the
α crystals to sub-α. This coincides with the appearance of the second peak in the DSC
crystallization profile (Figure 4.8).
The behavior of 8% MP thus shows similarities and dissimilarities in liquid oil and in water.
In the molten state as well as in the crystalline state, the MP molecules are ordered in bi-
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Figure 4.11: Cryo-SEM images of water containing 8% MP taken at 20 ○C.
layers in both systems. However, the bilayers are reversed in liquid oil. This is schematically
shown in Figure 4.12 which shows the bilayer structure in both systems. Moreover, different
microstructures are formed: the layered structures in liquid oil form needle-like structures,
while the layers are arranged in closed particles in the water system. With regard to poly-
morphism, initial crystallization in α is followed by a transformation to sub-α in both
systems. Concerning transition temperatures, it was found in the previous section that
the transition from the liquid phase to the crystalline phase is concentration-dependent
in liquid oil. This can be attributed to the solubility of the high-melting component in
the liquid oil, as a higher concentration starts to crystallize earlier. In water, this tran-
sition temperature is called the Krafft temperature and is known to be independent on
concentration. This is probably due to the incompatibility of MAGs with water.
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Figure 4.12: Schematic representation of the bilayer structure of MP blended with
(A) liquid oil and (B) water.
The transition temperature from α to sub-α was the same for 4 and 8% MP in liquid oil
(see previous section). For MP in water, we could not yet draw a conclusion as we only
discussed one concentration. To the best of our knowledge, concentration-dependence of
the sub-α transformation temperature in water systems was not yet reported in literature.
In order to investigate this dependence, three concentrations of Myverol (25, 50 and 75%)
were added to liquid oil and water and the blends were investigated with XRD. Figure 4.13
shows the SAXS patterns of the six blends. Note that the d-spacings do not change when
the concentration changes. As expected, the α crystallization onset temperature in RO
increased with Myverol concentration, from 58 ○C for 25% Myverol to 60 ○C for 50% Myverol
and 64 ○C for 75% Myverol. In contrast, α crystallization started around 50 ○C in all water
blends. The sub-α transformation temperature in the RO blends remained constant at
12 ○C, while it remained constant at 2 ○C in the water blends. The transformation to sub-α
thus occurs later when the MAG is dissolved in water compared to liquid oil. It can be
concluded that the crystallization onset temperature of MAGs depends on concentration
when it is dissolved in liquid oil, while it is concentration-independent when water is the
solvent. The transformation to sub-α is concentration-independent in both systems.
As an illustration, the microstructure of the six blends as visualized by cryo-SEM is shown
in Figure 4.14. All three concentrations of Myverol formed open lamellar structures in RO.
25% Myverol formed closed lamellar particles in water, similar to the liposomes observed
in a blend of 8% MP in water. In contrast, in the former blend the closed particles were
not perfectly spherical but seemed compressed due to the high concentration of Myverol
present. When 50% Myverol was present in water, both closed particles and open lamellar
structures were present. At a concentration of 75% in water, predominantly open lamellar
structures could be observed.
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Figure 4.13: SAXS diffraction patterns of RO containing (A) 25% Myverol, (B) 50%
Myverol and (C) 75% Myverol and water containing (D) 25% Myverol, (E) 50% Myverol
and (F) 75% Myverol during cooling.
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Figure 4.14: Cryo-SEM images of RO containing (A) 25% Myverol, (B) 50% Myverol
and (C) 75% Myverol and water containing (D) 25% Myverol, (E) 50% Myverol and
(F) 75% Myverol taken at 20 ○C.
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4.4 Conclusions
MAGs crystallized in liquid oil and in water under the same conditions were investigated.
The behavior of the MAGs in liquid oil was compared to the behavior in PO as discussed
in chapters 2 and 3. Additionally, the behavior of the MAGs in liquid oil and water was
compared to unravel differences and similarities between both solvent systems.
It was found that the behavior of MP and Myverol in liquid oil equals the respective
behavior in PO. When the concentration is high enough, initial crystallization in α is
followed by transformation of the α crystals to the sub-α polymorph. The α crystallization
onset temperature decreases with decreasing concentration due to the blending with lower-
melting components. As this onset temperature is higher in liquid oil than in PO for the
same concentration of both MP and Myverol, these components are more soluble in PO
than in RO. This can be attributed to the higher degree of similarity with the PO fatty
acids. The sub-α transition temperature was found to be almost equal in RO and PO.
When the concentration of MP was very low (1 and 2%), direct crystallization in either
the α or the sub-α polymorph occurred. However, this could not be unambiguously clarified
with XRD measurements. Comparison of the heat released during α crystallization of MP
and Myverol in both PO and RO allowed to conclude that probably no co-crystallization
between the MAGs and the PO TAGs occurs.
The comparison between liquid oil and water as solvent for the MAGs revealed similarities
and dissimilarities. In both systems, α crystallization was followed by a transformation to
the sub-α polymorph. However, the crystallization onset temperature was concentration-
independent in water, as opposed to the liquid oil systems, probably due to the incom-
patibility of the MAGs with water. Once crystallized, the temperature of transformation
to sub-α was concentration-independent in both systems. Cryo-SEM revealed differences
and similarities in microstructures formed in the two solvents. The MAGs crystallized in
bilayers forming lamellar structures in both systems. However, when a low MAG concen-
tration was present in water, direct contact between bulk water and water associated with
the lipid bilayers was avoided by the formation of closed lamellar particles. The behavior
of MAGs in liquid oil and in water is thus largely similar with differences attributable to
the incompatibility of MAGs with water.
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Chapter 5
Influence of monopalmitin on the
long-term storage behavior of palm
oil
A human being can survive almost anything, as long as she sees the end in sight.
Elizabeth Wurtzel
119
120 CHAPTER 5. LONG-TERM STORAGE BEHAVIOR
5.1 Problem statement and research strategy
PO is a commonly used fat in the margarine industry as it is naturally semi-solid at
room temperature (Siew, 2002). In this way, the trans fatty acid-generating hydrogenation
process is avoided which makes PO a very suited hard stock to be used in trans fat-
free margarine products (Berger, 2001). It should thus not cause any surprise that PO is
the second most consumed oil in the world, after soybean oil (Tang & Pantzaris, 2009).
However, at the industrial level, PO also has some disadvantages. Margarine manufacturers
observed a tendency to recrystallize in PO containing blends. This is caused by a demixing
of mixed crystals, i.e. POP segregates and transforms from the β’ to the β polymorph
(Garbolino et al., 2005; Miura & Konishi, 2001; Tanaka et al., 2007; Watanabe et al., 1992).
β crystals grow together into large needle-like agglomerates, causing graininess (Sato, 1999).
This phenomenon is a serious drawback in product formulations with a high PO content.
The liquid oil present in margarine favours the recrystallization phenomenon as it allows
crystal mobility (Garbolino et al., 2005). Indeed, the more a fat is diluted with a liquid oil,
the more readily β crystals will form (deMan & deMan, 1994). In contrast to margarine
blends, pure PO is highly stable in the β’ polymorph. This is caused by the fatty acid
diversity, which promotes β’ stability (Sato, 1999; Siew, 2002; Smith, 2001).
It is clear that the polymorphic behavior of PO is of significant relevance to industrial
processes. This crystallization behavior can be altered by the addition of emulsifiers. In
chapter 2, the influence of MP on the crystallization behavior of PO was investigated.
However, this study was confined to what occurred in the blends during the first stages of
isothermal crystallization. In the present chapter, the ageing process of MP/PO blends is
investigated. As stated above, PO is highly stable in the β’ polymorph (Sato, 1999; Siew,
2002; Smith, 2001). On the other hand, MAGs also show a specific polymorphic behavior.
It is known that pure MP develops a β polymorph during ageing (Vereecken et al., 2009b).
In this study, the polymorphic behavior during long-term storage is monitored using DSC,
XRD and microscopy techniques.
In addition, this chapter also deals with the effect of a shear step preceding further static
crystallization on the polymorphic behavior of the MP/PO blends. Industrial processing of
fat-containing food products often takes place under shear as a better heat transfer and a
more homogeneous product are obtained. In chocolate processing, shear is applied during
the tempering process to obtain the correct polymorphic form (Himawan et al., 2006).
Furthermore, shear is known to affect the final consistency of margarine (Vereecken, 2008).
5.2. MATERIALS AND METHODS 121
5.2 Materials and methods
5.2.1 Materials
PO (Loders Croklaan, Wormerveer, The Netherlands) and MP (Nu-Chek Prep, Elysian,
USA) as defined in section 2.2.1 were used.
5.2.2 Preparation of the monopalmitin/palm oil blends
Blends with different concentration of MP (1, 2, 4 and 8% w/w) in PO were prepared as
described in section 2.2.2.
5.2.3 Shear
Samples were subjected to a shear step using an AR2000 controlled stress rheometer (TA
Instruments, Brussels, Belgium) equipped with the starch pasting cell (SPC). The SPC
consists of a jacket, mounted on the instrument, a removable cup and an impeller. A
gap of 5500µm was used, which is larger than that of plate-plate or concentric cylinders
geometries and reduces the risk of clogging. The cup of the SPC was filled with 30 mL
of melted sample and subjected to the following time-temperature-shear protocol: holding
at 80 ○C for 10 min, cooling at -10 ○C/min to 20 ○C while shearing at the selected shear
rate (1 s−1 or 100 s−1) and holding at 20 ○C while maintaining the selected shear rate for a
predefined period (1 min or 60 min). After application of the shear step, microscopy plates
and XRD samples were prepared which were stored in a thermostatic cabinet at 20 ○C for
further static crystallization.
5.2.4 Differential scanning calorimetry (DSC)
DSC experiments were performed with a Q1000 DSC (TA Instruments, New Castle, USA).
The details of the experimental setup can be found in section 2.2.4. Stop-and-return exper-
iments were performed at different temperatures (15, 20 and 28 ○C). The principle of these
experiments and the used time-temperature program can be found in section 2.2.4. The
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crystallization process was interrupted during the early stages of isothermal crystallization
and after 4 weeks. During the isothermal period of 4 weeks, the DSC pan was stored in a
thermostatic cabinet at the crystallization temperature
5.2.5 Time-resolved synchrotron X-ray diffraction (XRD)
The polymorphic state of the samples after long-term storage was investigated by XRD
using synchrotron radiation. After four weeks of storage in a thermostatic cabinet at 20 ○C,
scattering patterns were taken. The details of the experimental setup can be found in
section 2.2.6.
5.2.6 Powder X-ray diffraction spectroscopy (XRD)
The polymorphic state of the sheared sample containing 4% MP was investigated by XRD
using a Bruker D8-Advance Diffractometer (Bruker, Germany). Details on the experimental
setup are described in section 2.2.5.
5.2.7 Polarized light microscopy (PLM)
Samples were viewed between crossed polarizers in a Leitz Diaplan light microscope (Leitz,
Wetzlar, Germany) mounted with a Linkam hot stage (Linkam, Tadworth, UK). The ex-
perimental setup is described in section 2.2.9. To ensure complete melting and an erased
crystal memory, the sample was held at 80 ○C for a sufficient time. Next, the sample was
cooled at −10 ○C/min to the crystallization temperature and images were taken. The sam-
ples were then stored in a thermostatic cabinet at the crystallization temperature for four
weeks, during which images were taken to observe the evolution in time. As for the sheared
samples, a small amount was applied on a carrier glass, covered with a cover glass and
imaged directly after application of the shear step and after two weeks of isothermal crys-
tallization in a thermostatic cabinet.
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5.2.8 Cryo-scanning electron microscopy (cryo-SEM)
Sample microstructure after long-term storage in a thermostatic cabinet at 20 ○C was visual-
ized using a Jeol JSM-7100F scanning electron microscope (Jeol (Europe) B.V., Zaventem,
Belgium) as described in section 2.2.10.
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5.3 Results and discussion
5.3.1 Long-term storage of palm oil
Stop-and-return DSC experiments at different isothermal crystallization temperatures were
performed. Hereby, the crystallization process is interrupted at different moments during
the isothermal time. By raising the sample temperature after this period, the melting profile
of the crystals formed during the preceding isothermal period is obtained. The melting
profiles obtained during stop-and-return experiments are plotted as functions of time and
give information about the amount of crystallization (peak area) and possible polymorphic
transitions (shifts in melting temperature or peak maximum) during the isothermal period.
Figure 5.1 shows stop-and-return curves recorded during isothermal crystallization of PO
at 15, 20 and 28 ○C, whereby the crystallization was interrupted after 1 minute, 30 minutes
and 4 weeks. In chapter 2, it was shown that the cut-off temperature of the used PO,
which borders a one-step versus a two-step crystallization process, is situated between
20 and 25 ○C. At 28 ○C, crystallization thus occurs directly into the β’ polymorph, as is
also evident in Figure 5.1. The crystals only started to appear a certain time after the
isothermal temperature was reached and the melting peak steadily grew further as the
isothermal period progressed.
At 15 and 20 ○C, α crystals were present after 1 minute of crystallization. After 30 minutes,
the α crystals have transformed to β’ crystals and extra β’ crystallization from the melt
has occurred (two-step crystallization). This is clear from the shift in peak maximum to
higher temperatures and the substantial increase in peak area. After 4 weeks of storage,
the peak area has increased but the peak maximum has not shifted. The β’ crystals have
thus not transformed to a more stable polymorph. This was confirmed with XRD for a
crystallization temperature of 20 ○C. Figure 5.2 shows the WAXD and SAXS diffraction
pattern of PO isothermally crystallized at 20 ○C for 4 weeks. WAXD peaks at d=3.89 A˚,
d=4.20 A˚ and d=4.35 A˚ confirm the presence of β’ crystals (Braipson-Danthine & Gibon,
2007). It can be seen that these β’ crystals had a long spacing of 42.1 A˚.
Figure 5.3 shows the transition from α to β’ crystals in detail by displaying stop-and-return
curves whereby the isothermal crystallization of PO at 20 ○C was interrupted between 6
and 15 minutes. It can be seen that the melting peak of the α crystals gradually decreased
during this time while the melting peak of the β’ crystals appeared. In agreement with
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Figure 5.1: Melting curves of PO recorded during stop-and-return experiments at
(A) 15 ○C, (B) 20 ○C and (C) 28 ○C as measured by DSC. The isothermal crystallization
was interrupted after 1 minute (—), 30 minutes (—.) and 4 weeks (– –).
Figure 5.2: (A) WAXD and (B) SAXS diffraction patterns of PO isothermally crystallized
at 20 ○C for 4 weeks.
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this observation, Mazzanti et al. (2005) observed that the X-ray intensity of the α phase
started to decrease simultaneously to the increase of the β’ phase intensity. However, after
30 minutes of crystallization at 15 or 20 ○C, a fraction of α crystals still seemed to be
present as the melting curve has a shoulder at the lower temperature side, coinciding with
the melting range of the α crystals. After 4 weeks of storage, this shoulder disappeared and
a purified β’ polymorph was present (Figure 5.1). The α to β’ transition occurring in the
beginning of the isothermal crystallization was thus only a partial transition. Prolonged
storage was needed for a full transition of the metastable α crystals.
Figure 5.3: Melting curves of PO recorded during stop-and-return experiments at 20 ○C
as measured by DSC. The isothermal crystallization was interrupted after 6 to 15 minutes.
In literature, disagreement exists on the details of the two crystallization steps of PO.
Kawamura (1979) and Fredrick et al. (2008) associated the two-step crystallization with a
polymorphic transition. Mazzanti et al. (2005) also concluded a polymorphic transition but
observed a small amount of α phase that survived for some time after the α to β’ transition,
in agreement with our conclusion. According to Chen et al. (2002), the crystallization of
α crystals is followed by the crystallization of β’ crystals, resulting in a coexistence of
both polymorphs. They suggest that transformation of the metastable α crystals might
occur only after prolonged storage. In the early stages of crystallization, they thus assume
no transformation of the α crystals, which is in contrast to the other authors and to our
observations (Figure 5.3).
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Figure 5.4 shows PLM images recorded directly after reaching the isothermal crystallization
temperature and after 4 weeks of crystallization at 15, 20 and 28 ○C. No change in sample
microstructure during storage of PO could be observed. Figure 5.5 shows a cryo-SEM
image taken after 4 weeks of crystallization at 20 ○C. As compared to the initial images
(Figure 2.22), no large regions of amorphous material are present anymore so the amount
of crystals has increased. However, no change in crystal habit could be observed.
Figure 5.4: PLM images of PO taken at the start of crystallization and after 4 weeks at
15, 20 and 28 ○C.
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Figure 5.5: Cryo-SEM image of PO taken after 4 weeks at 20 ○C.
5.3.2 Long-term storage of monopalmitin/palm oil blends
MP was added to PO in concentrations up to 8% and the long-term storage behavior of
the blends was investigated. As shown in the previous section, PO is highly stable in the
β’ polymorph because of the diversity in fatty acid chain length (Sato, 1999; Siew, 2002;
Smith, 2001). On the other hand, during long-term storage of pure MP, a β polymorph
develops (Vereecken et al., 2009b).
Investigation of the MP/PO blends revealed β formation during ageing. Figures 5.6 to 5.9
show the PLM images of the MP blends recorded directly after reaching the isothermal
crystallization temperature and after 4 weeks of crystallization at 15, 20 and 28 ○C. At the
start of crystallization, the microstructure of the sample containing 1% MP was similar to
PO but, from a concentration of 2% MP onwards, a coarser crystal structure could be seen
as more MP was added. In contrast to PO, formation of large, needle-like crystals could
be observed during storage of the blends containing MP. This appearance is typical for β
crystals (Sato, 1999). Cryo-SEM images of these large crystals are shown in Figures 5.10
till 5.13 for the blends containing different concentrations of MP stored at 20 ○C.
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Figure 5.6: PLM images of PO containing 1% MP taken at the start of crystallization
and after 4 weeks at 15, 20 and 28 ○C.
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Figure 5.7: PLM images of PO containing 2% MP taken at the start of crystallization
and after 4 weeks at 15, 20 and 28 ○C.
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Figure 5.8: PLM images of PO containing 4% MP taken at the start of crystallization
and after 4 weeks at 15, 20 and 28 ○C.
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Figure 5.9: PLM images of PO containing 8% MP taken at the start of crystallization
and after 4 weeks at 15, 20 and 28 ○C.
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Figure 5.10: Cryo-SEM images of PO containing 1% MP taken after 4 weeks at 20 ○C.
Figure 5.11: Cryo-SEM images of PO containing 2% MP taken after 4 weeks at 20 ○C.
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Figure 5.12: Cryo-SEM images of PO containing 4% MP taken after 4 weeks at 20 ○C.
Figure 5.13: Cryo-SEM images of PO containing 8% MP taken after 4 weeks at 20 ○C.
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Figure 5.14 shows the WAXD and SAXS pattern of the 8% MP blend after 4 weeks of
crystallization at 20 ○C. The presence of a WAXD peak at d=4.55 A˚ confirms the presence
of β crystals after long-term storage (Braipson-Danthine & Gibon, 2007). In the SAXS
pattern, two peaks are present. The peak at d=45.5 A˚ probably originates from the MP
crystals (compare with the values observed in section 2.3.2). According to Lutton (1971),
all the polymorphs of a given MAG have almost identical long spacings, corresponding
with tilted chains in a double chain length (2L) structure. Therefore, it is impossible to
deduce the polymorphic form of the MP crystals affirmatively from SAXS results only.
The second peak at d=41.7 A˚ probably originates from the PO crystals. In the previous
section, a similar long spacing value (42.1 A˚) was found for PO β’ crystals, which have a
2L structure. However, the components present in the high-melting fraction of PO (mainly
POP and PPP) can form β crystals also having a 2L structure. The stable β form of PPP
has a 2L structure. The stable β form of POP has a triple chain length structure but POP
forms a compound with PPO of which both the β’ and the β forms have a 2L structure
(Smith, 2001). It can thus be concluded that also in the case of PO, the SAXS results can
not give unambiguous clarity about the polymorphic forms present.
Figure 5.14: (A) WAXD and (B) SAXS diffraction pattern of PO containing 8% MP
isothermally crystallized at 20 ○C for 4 weeks.
XRD enabled us to confirm the presence of β crystals but no information about the
β-forming constituents could be deduced. To determine whether PO TAGs and/or MP
crystals transformed to β, DSC stop-and-return measurements could be helpful as the
disappearance of melting peaks after storage could indicate which components have trans-
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formed to the high-melting β form. Figure 5.15 shows stop-and-return melting profiles
recorded during isothermal crystallization of the blend containing 8% MP at 15, 20 and
28 ○C. Note that also when MP was added to PO, the transition of the PO crystals from
α to β’ at 15 and 20 ○C appeared to be a full transition only after long-term storage.
Figure 5.15: Melting curves of PO containing 8% MP recorded during stop-and-return
experiments at (A) 15 ○C, (B) 20 ○C and (C) 28 ○C as measured by DSC. The isothermal
crystallization was interrupted after 1 minute (—), 30 minutes (—.) and 4 weeks (– –).
From the DSC results, the formation of β crystals was clear from the appearance of a
melting peak with very high melting point (>70 ○C) after 4 weeks of storage, indicating
a transition to a stable polymorphic form. Figure 5.15 shows that, during the melting
process of the blend stored for 4 weeks at 20 ○C, only the high-melting β crystals were
still present when the temperature reached 50 ○C. At this temperature, the large crystal
structures were still present as can be seen in Figure 5.16, showing PLM images recorded
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at different temperatures during the melting process of this blend. This confirms that the
large crystal structures are composed of high-melting β crystals. Moreover, β crystals are
also present in between the large spherulites, as can be seen in the PLM image recorded
at 50 ○C.
Figure 5.16: PLM images recorded at different temperatures during the melting process
of PO containing 8% MP crystallized at 20 ○C for 4 weeks.
Figure 5.15 shows the disappearance of the shoulder representing the transition of the MP
crystals from sub-α to α and the peak representing the melting of the MP α crystals after
4 weeks of storage at 15 and 20 ○C. This indicates that the MP crystals have transformed
to the stable β polymorph.
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Although it can be concluded that the MP crystals most certainly have transformed to β,
it is possible that also a part of the PO crystals were triggered by the MP present and have
transformed to β. In this way, the large β crystals observed by PLM may consist of MP
cores surrounded by triggered PO crystals. The structural composition of the β crystals
will be investigated in more detail in chapter 6.
Remarkably, at 28 ○C two peaks with a high melting point appeared for the 8% MP blend
after 4 weeks of storage. The same observation was made at 25 ○C but not for lower concen-
trations of MP. The extra peak could represent more stable MP α crystals that have not
yet transformed to β. Another option is the presence of a different β fraction, for example
originating from PO crystals.
When a lower concentration of MP was present, a high-melting β peak appeared and its
peak area decreased with MP concentration (data not shown). At a lower MP concentra-
tion, less MP cores were present and thus less β crystals were formed, hence the decreased
peak area. The blends containing 1% and 2% MP developed relatively small β crystals and
more of these crystals were present when the concentration was raised (Figures 5.6 and
5.7). At a higher concentration of 4% and especially 8% MP, the β crystals were present
in a smaller amount but appeared larger and more irregular in shape (Figures 5.8 and
5.9). In these cases, probably more than one MP core contributes to an observed β crystal
structure which yields large, irregular crystal structures. This will be further investigated
in chapter 6.
5.3.3 Influence of shear on the formation of β crystals
Industrial processing of fat-containing food products, such as chocolate and margarine,
often includes the application of shear. Therefore, the influence of a shear step on the
formation of β crystals in a blend of PO and MP was investigated. The samples were
cooled to the isothermal crystallization temperature (20 ○C) under a shear rate of 1 s−1 or
100 s−1 after which the shear continued for a certain isothermal period (1 or 60 min). Further
crystallization then occurred without shear. After two weeks of further static isothermal
crystallization, the microstructure and the polymorphic state of the samples were assessed
using PLM and XRD respectively. Figures 5.17 to 5.21 show PLM images of the different
samples crystallized with or without an initial shear step.
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Figure 5.17: PLM images of PO taken after the shear step and after two weeks of further
static crystallization at 20 ○C. (1) No shear step, (2) 1 min at 1 s−1, (3) 1 min at 100 s−1,
(4) 60 min at 1 s−1 and (5) 60 min at 100 s−1.
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Figure 5.18: PLM images of PO containing 1% MP taken after the shear step and after
two weeks of further static crystallization at 20 ○C. (1) No shear step, (2) 1 min at 1 s−1,
(3) 1 min at 100 s−1, (4) 60 min at 1 s−1 and (5) 60 min at 100 s−1.
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Figure 5.19: PLM images of PO containing 2% MP taken after the shear step and after
two weeks of further static crystallization at 20 ○C. (1) No shear step, (2) 1 min at 1 s−1,
(3) 1 min at 100 s−1, (4) 60 min at 1 s−1 and (5) 60 min at 100 s−1.
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Figure 5.20: PLM images of PO containing 4% MP taken after the shear step and after
two weeks of further static crystallization at 20 ○C. (1) No shear step, (2) 1 min at 1 s−1,
(3) 1 min at 100 s−1, (4) 60 min at 1 s−1 and (5) 60 min at 100 s−1.
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Figure 5.21: PLM images of PO containing 8% MP taken after the shear step and after
two weeks of further static crystallization at 20 ○C. (1) No shear step, (2) 1 min at 1 s−1,
(3) 1 min at 100 s−1, (4) 60 min at 1 s−1 and (5) 60 min at 100 s−1.
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The microstructure of both the sheared and non-sheared PO samples did not change clearly
after two weeks. This is in contrast to the PO samples containing MP. As discussed in the
previous section, non-sheared MP samples showed β crystal formation after long-term
storage, apparent from the appearance of large, needle-like crystals. Similarly, such large
crystals appeared when the samples had experienced a short isothermal shear step of 1 min
at both a low and a higher shear rate. However, when the samples had been subjected to a
longer shear step of 60 min at both shear rates examined, no large crystals appeared and
the microstructure was maintained during the two weeks storage.
The polymorphic state of the sheared samples containing 4% MP was assessed using XRD.
Figure 5.22 shows the WAXD patterns of the samples subjected to the four different shear
step treatments. After two weeks, β crystals were present in all the samples. However, it
can be seen that, in contrast to the samples subjected to a short shear step of 1 min,
those sheared for 60 min already showed the presence of the β polymorph after one day.
Different studies have shown that the application of shear flow accelerates polymorphic
transitions (De Graef et al., 2009; Goldstein et al., 2012; Sonwai & Mackley, 2006; Mazzanti
et al., 2003). Probably, the long shear step caused a rapid polymorphic transition to the β
polymorph whereby the shear flow prevented the formation of large crystal structures. A
short shear step of 1 min is probably too short to induce an accelerated transformation to
β.
The formation of large, needle-like β crystals is undesired as they cause graininess. It can
be concluded that the transformation to the β polymorph in MP/PO blends cannot be
avoided but if a long enough shear step is applied, irrespective of a low or high shear rate,
the formation of large β crystal structures is prevented.
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Figure 5.22: WAXD diffraction patterns of PO containing 4% MP isothermally crys-
tallized at 20 ○C for 1 day and 2 weeks after an initial shear step of (A) 1 min at 1 s−1,
(B) 1 min at 100 s−1, (C) 60 min at 1 s−1 and (D) 60 min at 100 s−1.
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5.4 Conclusions
The long-term storage behavior of pure PO and PO with MP added in different concentra-
tions was investigated. From DSC melting curves recorded after 4 weeks of storage, it was
clear that the transition from the α to the β’ polymorph, which occurred during the early
stages of PO crystallization at a temperature below the cut-off temperature, was only a
partial transition. Prolonged storage was needed for a full transition of the metastable α
crystals. During long-term storage, PO was highly stable in the β’ polymorph.
In contrast, during ageing of the MP/PO blends, development of large, needle-like β crystals
was observed. PLM images revealed that the amount and morphology of these β crystals
was dependent on the concentration of MP. The presence of the stable β form was confirmed
by XRD measurements. Based on DSC results, it was concluded that the MP crystals
transformed to β during ageing. However, whether or not PO triacylglycerols were triggered
by the MP present and also transformed to β could not be concluded based on the results
of the applied techniques. In the next chapter, the use of synchrotron radiation microbeam
X-ray diffraction to elucidate the structural composition of the large β crystals will be
described.
As shear is involved in most industrial processes, the influence of a shear step on the
formation of β crystals in the MP/PO blends was investigated. Two different shear times
(1 min and 60 min) and two different shear rates (1 s−1 and 100 s−1) were applied. An
initial shear step did not influence the presence of β crystals after long-term storage.
However, when the shear time was long enough (60 min), the formation of large, needle-like
crystal structures was prevented irrespective of the applied shear rate. This can probably
be attributed to the shear flow existing long enough to cause an accelerated polymorphic
transition to the β polymorph and to prevent the formation of large β crystal structures.
Chapter 6
Crystallization process of a
monopalmitin/palm oil blend studied
with synchrotron radiation
microbeam X-ray diffraction
Life begins at the end of your comfort zone.
Neale Donald Walsch
Relevant publication: Verstringe, S., Dewettinck, K., Ueno, S. & Sato, K. (2014). Triacyl-
glycerols crystal growth: templating effects of partial glycerols studied with synchrotron
radiation microbeam X-ray diffraction. Crystal Growth & Design, DOI: 10.1021/cg5010209.
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6.1 Problem statement and research strategy
One of the keys to control the crystallization process of fats is the nucleation step. In
general, two nucleation mechanisms can be distinguished: homogeneous nucleation and
heterogeneous nucleation (Vekilov, 2010; Kashchiev, 2000). In the former case, nucleation
processes occur through molecular interactions among the crystallizing materials without
any influences from foreign matters. In the latter case, however, the formation of crystal
nuclei is catalyzed by crystallized matters or minor components which are accidentally
present or added on purpose in the supercooled liquid of crystallizing materials. Adding
such foreign materials in the crystallizing liquid, called templates or additives, is widely
applied to modify the heterogeneous nucleation behavior of inorganic and organic sub-
stances including lipids (Sangwal, 2007; Basso et al., 2010; Fredrick et al., 2008; Martini
et al., 2008; Shimamura et al., 2013; Foubert et al., 2004). The necessary conditions for the
template/additive to successfully modify the nucleation of lipid crystals are summarized
as follows (Smith et al., 2011; Sato et al., 2013):
 Similarity in molecular shape
Similarity in molecular shape, such as in saturation/unsaturation and chain length
of the fatty acid moieties, between the template/additive and the lipid crystals is
required.
 Thermal stability
Template/additive materials should not dissolve when they are added to supercooled
liquid of lipids. Therefore, the template/additive materials should be thermally more
stable than the crystallizing lipids.
 Optimal supercooling
When the supercooling is high enough to induce spontaneous nucleation, the effects
of the template/additive may be minimized because undesired crystals are sponta-
neously formed without being affected by the template/additives.
In chapter 2, the effect of the addition of MP on the crystallization of PO was examined,
with the above-mentioned conditions for a successful modification of the nucleation all
fulfilled. It was found that the crystallization process of the blends was initiated by the
MAGs and that the crystallization of PO was promoted. The present chapter describes
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the use of synchrotron radiation microbeam X-ray diffraction (SR-µ-XRD) in an attempt
to precisely demonstrate the interactions between the high-melting emulsifier MP and the
initially crystallizing PO TAGs. A blend with a concentration of 8% MP was used for this
study as lower concentrations were poorly (4%) or not (1 and 2%) detectable with this
technique. Moreover, this chapter also describes the use of SR-µ-XRD to elucidate the
structural composition of the large spherulitic β crystals appearing in the MP/PO blends
after ageing at 20 ○C. As discussed in the previous chapter, it is not clear if and to what
extent PO TAGs are involved in the formation of these β crystals.
µ-XRD analysis can provide microscopic information about crystallized materials on the
order of micrometer to submicrometer dimensions (Ueno, 2012; Ice et al., 2011; Paris,
2008). This technique has already been applied to examine many soft materials such as
biological tissues, starch particles, human hair, synthetic polymers, etc. However, the group
of professor Sato and professor Ueno was the first and up to date the only group to ap-
ply SR-µ-XRD to lipid samples (spherulites of trilaurin (Ueno et al., 2008), oil-in-water
emulsion (Arima et al., 2009; Shinohara et al., 2008), water-in-oil emulsion (Wassell et al.,
2012), granular crystals in a PO-based water-in-oil emulsion (Tanaka et al., 2009) and
binary mixture phases of lipids (Baye´s-Garc´ıa et al., 2011)). A recently published book
chapter gives an overview of the SR-µ-XRD studies of this research group (Ueno, 2012).
In the present chapter, a PO blend containing 8% MP was isothermally crystallized at
20 ○C and analyzed with SR-µ-XRD shortly after reaching the crystallization temperature
and after long-term storage at 20 ○C. This study thus comprises the initial stages of the
crystallization process as well as the ageing process of a MP/PO blend.
6.2 Materials and methods
6.2.1 Materials
PO (Loders Croklaan, Wormerveer, The Netherlands) and MP (Nu-Chek Prep, Elysian,
USA) as defined in section 2.2.1 were used.
6.2.2 Preparation of the monopalmitin/palm oil blend
A blend containing 8% w/w MP in PO was prepared as described in section 2.2.2.
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6.2.3 Differential scanning calorimetry (DSC)
DSC experiments were performed with a Q1000 DSC (TA Instruments, New Castle, USA).
The details of the experimental setup can be found in section 2.2.4. Stop-and-return ex-
periments at 20 ○C were performed. The principle of these experiments and the used time-
temperature program can be found in section 2.2.4.
6.2.4 Synchrotron radiation microbeam small-angle X-ray dif-
fraction (SR-µ-XRD)
An elaborate discussion of the principle of the SR-µ-XRD technique is reported elsewhere
(Ueno, 2012). Briefly, local structural information is obtained by scanning a thin section of
the sample in two dimensions with an X-ray microbeam. In this micrometer-dimension area,
two-dimensional (2D) XRD patterns are collected with a 2D X-ray sensitive area detector
(Figure 6.1a). Long spacing values are calculated by the diffraction angle (2θ) extension.
In addition, the direction of the lamellar plane of the fat crystals (Figure 6.1b) can be
assessed by measuring the azimuthal angle (χ) extension pattern at a fixed 2θ position
(Figure 6.1c). When all the fat crystals are highly oriented, two sharp 2D diffraction peaks
(arc peaks) should appear. In this case, the average direction of the lamellar planes of the
fat crystals is directed normal to the direction connecting the two arc peaks. The degree
of orientation of the lamellar planes of the fat crystals can be evaluated by the half width
of the peaks. A smaller ∆χ indicates a higher degree of orientation of the lamellar planes.
The SR-µ-XRD measurements were carried out at beamline 4A of the Photon Factory (PF),
the synchrotron radiation facility of the High-Energy Accelerator Research Organization
(KEK) in Tsukuba, Japan. The wavelength of the X-ray microbeam was 0.124 nm, and
the focused beam area was 5×5µm2. Samples were placed between Kapton tape films and
were moved by an x-y-z stepping motor (1µm step) while being observed by an optical
microscope attached to the microbeam instrument. Application of a temperature profile and
temperature control were done using a temperature-controlled Linkam stage (Tadworth,
UK). X-ray data were detected by a CCD camera to produce 2D patterns. Technically,
it is possible to observe small-angle and wide-angle diffraction patterns simultaneously.
However, a lower precision of the long spacing patterns is obtained because of the limited
relationship between the distance between the sample and the 2D detector, and the size
of the 2D detector. Therefore, only small-angle SR-µ-XRD patterns were observed in this
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Figure 6.1: Data analysis of SR-µ-XRD patterns. (a) 2D SR-µ-XRD pattern. (b) Direction
of the lamellar plane in a fat crystal. (c) χ extension pattern.
study, so that diffraction peaks corresponding to long spacing values could be obtained
with a high enough resolution.
6.2.5 Polarized light microscopy (PLM)
Samples were viewed between crossed polarizers in a Leitz Diaplan light microscope (Leitz,
Wetzlar, Germany) mounted with a Linkam hot stage (Linkam, Tadworth, UK). The ex-
perimental setup is described in detail in sections 2.2.9 and 5.2.7.
152 CHAPTER 6. SR-µ-XRD ANALYSIS
6.3 Results and discussion
6.3.1 Initial crystallization behavior of 8% monopalmitin in palm
oil
The crystallization process of PO and PO containing 8% MP has been discussed before
(chapter 2). In this previous study, it was concluded that the crystallization process of
MP/PO blends is initiated by the MAG which starts to crystallize in the α polymorph
followed by a polymorphic transformation to sub-α, as confirmed with XRD measurements.
The prior crystallization of MP caused an earlier crystallization of the PO stearin fraction
(stearin crystallization onset temperature was 24.27 ± 0.06 ○C for the 8% MP blend versus
18.42 ± 0.24 ○C for PO). This suggests a template effect of the MP.
To investigate this suggestion, SR-µ-XRD was used to determine whether the previously
crystallized MP influences the PO TAG crystal orientation. Therefore, an 8% MP sample
was held at 80 ○C for 10 min to erase the crystal memory and then cooled to 20 ○C at
a cooling rate of −10 ○C/min. After an isothermal time of 10 min at 20 ○C, recording of
the SR-µ-XRD patterns was started. The sample was moved automatically within a 2D
plane in 20µm steps. Figure 6.2 depicts the patterns taken at the different positions, and
an enlarged 2D diffraction pattern of the position indicated with an arrow as a typical
example. The diffraction angle (2θ) and azimuthal angle (χ) extensions are indicated,
providing information on respectively the long spacing and the lamellar plane direction of
the crystals present.
The 2θ extension pattern of this example position is shown in Figure 6.3a. A peak corre-
sponding with a long spacing of d=46 A˚ can be discerned, which corresponds to the long
spacing of MP (Vereecken et al., 2009b). Lutton (1971) confirmed that all the polymorphs
of a given MAG have almost identical long spacings, corresponding with tilted chains in a
double chain length structure. Therefore, it is impossible to deduce the polymorphic form
affirmatively from only small-angle results. However, as the isothermal crystallization time
was limited at the time of measurement, the MP was most probably still present in the
sub-α polymorphic form. Next to the MP peak, also a shoulder with a long spacing value of
d=43 A˚ is present. This value corresponds with the long spacing of PO β’ crystals (Chong
et al., 2007).
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Figure 6.2: SR-µ-XRD patterns recorded at all positions in a PO sample containing 8% MP
and crystallized at 20 ○C for 10 min. An enlarged 2D diffraction pattern of the position noted
by an arrow is shown on the right side.
Figure 6.3: Patterns of the position denoted with an arrow in Figure 6.2. (a) 2θ extension
pattern. (b) χ extension pattern of MP (...) and PO β’ (—). (c) 2D diffraction pattern with
representation of the crystal orientation. The black line represents the orientation of PO β’
crystals, the red line of MP crystals.
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The χ extension for both crystal species is shown in Figure 6.3b. Two peaks, 180○ separated,
are present in both cases at χ=163○ and 343○. No other peaks are present so it can be
concluded that, at this scanning position, the lamellar planes of both the MP and the
PO β’ crystals are aligned along the direction denoted by the broken lines in the figure.
The representation of the lamellar plane orientation on the diffraction pattern is shown in
Figure 6.3c. The black line represents the orientation of the PO crystals while the red line
shows the orientation of the MP crystals.
Figure 6.4 depicts the orientation of MP and PO β’ crystals at the different scanning
positions, deduced from the χ extension patterns. Random orientation of the crystals is
indicated with an asterisk. At some positions, both clearly oriented and randomly oriented
crystals were present, as indicated by a line with a smaller asterisk. It can be seen that
MP crystals are present at nearly every position and that they show a clear orientation in
almost every case. In general, it can be stated that when PO crystals are present, they are
oriented in the same direction as the MP crystals. These results clearly illustrate that MP
orientates the PO crystals, thus demonstrating the template effect of MP.
Figure 6.4: SR-µ-XRD patterns recorded at all positions in a PO sample containing
8% MP and crystallized at 20 ○C for 10 min with indication of the lamellar plane orientation
of PO crystals (black lines) and MP crystals (red lines).
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6.3.2 Long-term crystallization behavior of 8% monopalmitin in
palm oil
The long-term storage behavior of the 8% MP blend crystallizing at 20 ○C was investigated
in chapter 5, revealing β formation during ageing. This was evidenced by WAXD and DSC
measurements while PLM images showed that the β crystals were present as large, needle-
like crystals (Figure 5.9). These crystal structures could already be observed after 1 week
of storage of the MP blend (images recorded after 4 weeks were displayed).
SR-µ-XRD was used to determine the compositional structure of the large β crystal struc-
tures observed during ageing of the 8% MP blend. During long-term storage of pure MP,
a β polymorph develops (Vereecken et al., 2009b). On the other hand, PO is highly sta-
ble in the β’ polymorph because of the diversity in fatty acid chain length (Sato, 1999;
Siew, 2002; Smith, 2001). However, in PO-containing margarine systems, segregation of
POP and transition from β’ to β is known to occur (Garbolino et al., 2005; Miura & Kon-
ishi, 2001; Tanaka et al., 2007; Watanabe et al., 1992). This phenomenon is favoured by
the presence of liquid oil, which allows crystal mobility, and is induced by temperature
cycling. To determine whether the observed large β crystal structures in a MP/PO blend
are composed of MP, PO or both, an 8% MP sample, crystallized at 20 ○C for 1 week, was
heated to 55 ○C and held at that temperature for 10 min to melt all unstable crystals. A
large β crystal structure was then scanned in two dimensions in 15µm steps. The analysis
revealed the presence of only MP crystals (d=46 A˚). Figure 6.5 shows the scanned crystal,
the scanning patterns at the different positions and the orientation of the lamellar planes
of the MP crystals. The orientation pattern is typical for a spherulitic crystal. It can be
concluded that the MP present in an 8% MP in PO blend shows a rapid transition to the
β polymorph, thereby forming large, needle-like spherulitic crystals.
However, a PLM image recorded at 50 ○C during the melting process of an aged 8% MP
sample showed that β crystals are also present in between the large spherulitic structures
(Figure 5.16). Therefore, an area of an 8% MP sample, crystallized at 20 ○C for 1 week,
which did not comprise large spherulitic crystals, was scanned in two dimensions in 20µm
steps. The scanning occurred at a temperature of 20 ○C. It was found that both MP and
PO β’ crystals were present at this temperature. The polymorphic form of the MP crystals
could not be identified. However, the melting profile after 4 weeks of storage showed no
sub-α and α peaks anymore (Figure 5.15B). Therefore, it is assumed that all the MP was
transformed to β. Figure 6.6 shows the scanned area, the scanning patterns at the different
positions and the lamellar plane orientation of the present MP and PO β’ crystals.
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Figure 6.5: SR-µ-XRD patterns recorded at all positions in an 8% MP sample crystallized
at 20 ○C for 1 week and analyzed at 55 ○C. Lamellar plane orientation of the MP crystals is
indicated. The inset shows the scanned crystal.
Figure 6.6: SR-µ-XRD patterns recorded at all positions in an 8% MP sample crystallized
at 20 ○C for 1 week and analyzed at 20 ○C. Lamellar plane orientation is indicated for PO
β’ crystals (black lines) and MP crystals (red lines). The inset shows the scanned area.
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The spatial distribution of MP crystals after 1 week of crystallization at 20 ○C (Figure 6.6)
is different from that after 10 min at 20 ○C (Figure 6.4). In the sample analyzed shortly
after reaching the crystallization temperature, MP was detected at nearly every position.
However, this is not the case anymore after 1 week of crystallization, where MP is concen-
trated with randomly oriented PO crystals in between. This is most likely due to migration
of the MP crystals. This suggestion is further reinforced by the examination of the PLM im-
ages recorded during the melting process of an aged 8% MP sample (Figure 5.16), where
it can be seen that the area surrounding the large spherulite is depleted of MP (PLM
image at 50 ○C). It is likely that MP crystals from this area have migrated to form the
large spherulitic crystal. This observation supports the assumption that MP is concen-
trated during long-term storage through migration, with the large spherulites as extreme
example of this segregation process.
Eventually, the segregation process comes to an end when all MP crystals have gath-
ered into spherulite crystals. This statement is supported by the PLM images shown in
Figure 6.7, recorded during melting of an 8% MP blend aged at 20 ○C during 8 months. At a
temperature of 50 ○C, big spherulitic β crystals were present, similar to the melting process
after 4 weeks. In contrast, after 8 months, no β crystals were present anymore in between
the spherulitic crystals, as opposed to the melting process after 4 weeks (Figure 5.16). All
MP crystals have thus migrated to the large spherulites.
Visual signs of concentration/migration were already visible after 1 day of crystallization at
20 ○C, as illustrated in Figure 6.8. Moreover, after 2.5 hours of crystallization, the melting
peaks of the MP already showed a shift to higher temperatures (Figure 6.9). Therefore,
it can be assumed that the migration process is probably linked to the transformation of
MP to the β polymorphic form. In MAG/water systems, the transformation from α to
β or from the α-gel state to the coagel state is believed to occur via a two-stage mecha-
nism (van Duynhoven et al., 2005; Sein et al., 2002). First, the D- and L-isomers of the
MAG are separated in the bilayers of the α-gel. In the second stage, growth in the third
dimension occurs by the stacking of the bilayers, thus forming β crystal plates with all
the water expelled (van Duynhoven et al., 2005). This second stage has been allocated as
an example of Ostwald ripening, proceeding through a mechanism of monomeric transport
(Sein et al., 2002). Similarly, we assume that a process of Ostwald ripening is responsible
for the observed migration of MP in a blend with PO.
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Figure 6.7: PLM images recorded at different temperatures during the melting process of
an 8% MP blend crystallized at 20 ○C for 8 months.
Figure 6.8: PLM image of an 8% MP blend recorded after 1 day of crystallization at 20 ○C.
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Figure 6.9: Melting profiles of an 8% MP blend crystallizing at 20 ○C as measured by
DSC. The isothermal crystallization was interrupted after 1 minute (—), 30 minutes (—.)
and 150 minutes (– –).
The solid fat content of the 8% MP blend is around 30% (Figure 2.19). It is possible that
a substantial amount of liquid oil is a necessary prerequisite for the segregation process to
be able to occur. Further research is necessary to determine if the segregation process of
MP is prevented in systems which contain less liquid oil.
In the previous chapter, it was found that the formation of large aggregated crystal struc-
tures was prevented when a long initial shear step of 60 min was applied. Probably, the
shear flow accelerated the polymorphic transition to β, so that this transition was finished
at the end of the shear step, while the shear flow at the same time prevented the segregation
process or Ostwald ripening process of the formed β crystals.
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6.4 Conclusions
Microstructural investigation of PO containing 8% MP using SR-µ-XRD enabled the scan-
ning of the sample in two dimensions with an X-ray microbeam, thereby obtaining local
structural information. The results showed that MP, which crystallized prior to the PO
TAGs, orientated the PO crystals. Using SR-µ-XRD, the template effect of a MAG could
thus be demonstrated. As palmitic acid is a major fatty acid in PO, interactions through
the palmitic acid moiety in PO and MP probably played decisive roles in this template
effect.
Moreover, the long-term crystallization behavior of the 8% MP blend was investigated as
the previous chapter demonstrated the appearance of β crystals during ageing using dif-
ferent techniques. SR-µ-XRD clarified the structural composition of the large, spherulitic
β crystals, revealing the presence of only MP crystals. Comparing SR-µ-XRD patterns
recorded shortly after reaching the isothermal crystallization temperature and recorded af-
ter 1 week of crystallization showed differences in the spatial distribution of the MP crystals.
After ageing, the MP crystals were more concentrated as compared to the early stages of
the crystallization process. It was assumed that Ostwald ripening caused the migration
and concentration of MP crystals during long-term storage, with the large spherulites as
extreme example of this segregation process. The inhibiting effect of a long shear step
on the formation of large β crystal structures, as concluded in the previous chapter, can
probably be explained by the shear flow accelerating the polymorphic transition to β and
at the same time preventing the segregation of the formed β crystals.
General conclusions
The addition of emulsifiers to crystallizing fat systems is widely applied to affect the crys-
tallization process. In this research, different approaches and a wide range of experimental
techniques were used to study in-depth how the emulsifier monopalmitin influences the
crystallization process of palm oil. In industrial applications, emulsifiers are mostly added
in concentrations below 2%. However, authors investigating systems containing such low
emulsifier concentrations mostly can only make suggestions on the underlying mechanisms.
Moreover, some techniques, e.g. synchrotron radiation microbeam X-ray diffraction (SR-
µ-XRD), do not allow to study systems containing such a low emulsifier concentration.
Therefore, a more extended concentration range up to 8% was used in this study. In this
way, the effects of the emulsifier were magnified which helped in a better understanding
of the underlying modes of action. Knowledge on the mechanisms by which an emulsifier
acts is a key factor in the design of tailor-made additives with dedicated functionality for
specific industrial applications.
The literature review presented in chapter 1 made it clear that an inadequately ana-
lyzed or unclear composition of the used additive complicates a correct discussion of the
observations as well as a comparison with similar studies. Therefore, the effect of pure
monopalmitin (>99%) was first investigated. In this way, the composition was well known
and observed effects could be completely attributed to the monopalmitin. Concentrations
up to 8% were added to palm oil and the isothermal crystallization temperature was varied
between 15 and 28 ○C. As monopalmitin is a high-melting monoacylglycerol, the crystal-
lization process was initiated by the monopalmitin. The crystallized monopalmitin then
caused an earlier crystallization of the palm oil triacylglycerols. This is often observed in
literature and is referred to as the template effect of additives.
Palm oil containing monopalmitin showed a comparable isothermal crystallization mecha-
nism as pure palm oil. During isothermal crystallization, palm oil shows a two-step crystal-
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lization, with α crystals transforming to β’ crystals, below a certain cut-off temperature.
Above this temperature, which was found to be situated between 20 and 25 ○C in this
study, palm oil directly crystallizes in the β’ polymorph. In the presence of monopalmitin,
this cut-off temperature increased to a temperature between 20 and 25 ○C. On the other
hand, the induction time needed to start the α to β’ transition in case of a two-step crys-
tallization was shown not to be influenced by the presence of monopalmitin.
Microstructural analysis revealed a higher solid fat content, a stronger, more rigid network
structure and a coarser crystal structure of the monopalmitin/palm oil blends compared
to pure palm oil.
In any case, pure monopalmitin is too expensive to be used in food applications. Therefore,
also the effect of a commercial monoacylglycerol rich in monopalmitin (MyverolTM 18 04-
PK) was investigated and compared to the effects of its pure main constituents, being
monopalmitin and monostearin. All monoacylglycerols investigated initiated the crystal-
lization process by crystallizing in the α polymorph. Similar to the pure monoacylglycerols,
the α crystals transformed to the sub-α polymorph. As the transformation temperature
decreases with decreasing monoacylglycerol purity, this transformation took place before
the palm oil stearin crystallized in the case of pure monopalmitin and monostearin and
after in the case of the commercial monoacylglycerol. Despite this difference, the palm oil
stearin crystallization was promoted in the presence of each type of monoacylglycerol.
Concerning the isothermal crystallization mechanism of palm oil and the obtained mi-
crostructure, the same conclusions as for pure monopalmitin could be drawn. Neither the
commercial monoacylglycerol nor monostearin had a significant effect on the starting point
of the α to β’ transition and a coarser crystal structure was obtained upon addition of
monoacylglycerols.
As palmitic acid is one of the major fatty acids in palm oil, chemical and structural affinity
between monopalmitin and the crystallizing triacylglycerols of palm oil can result in a cer-
tain degree of co-crystallization. To find out if this was the case, both monopalmitin and
the commercial monoacylglycerol were added to a liquid oil as it is reasonable to assume
that in this case no co-crystallization will occur. It was demonstrated that the monoacyl-
glycerols show an equal crystallization behavior in palm oil and in liquid oil. Due to the
higher degree of similarity with the palm oil fatty acids, the monoacylglycerols were more
soluble in palm oil than in the liquid oil leading to a higher α crystallization onset temper-
ature in the latter case. In contrast, the temperature of the α to sub-α transition was found
to be almost equal in both hydrophobic environments. Comparison of the heat released
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during α crystallization of the monoacylglycerols enabled to conclude that probably no
co-crystallization with the palm oil triacylglycerols occurs.
The behavior of the monoacylglycerols in liquid oil was further compared to the behavior in
another liquid environment, i.e. water. While some authors assume that this behavior is the
same in both solvent systems, others have described differences. As the existing literature
lacks a real comparison, a study elucidating similarities and dissimilarities was one of the
topics of this research. Again, the polymorphic behavior in water was shown to be equal
to that in a hydrophobic environment with crystallization in the α polymorph followed by
a transformation to the sub-α form. However, the α crystallization onset temperature was
concentration-independent in water, as opposed to the liquid oil systems. This is probably
caused by the incompatibility of the monoacylglycerols with water while in liquid oil the
crystallization temperature decreases with decreasing concentration due to the blending
with lower-melting components. Once crystallized, the transformation of the α crystals to
sub-α is concentration-independent in both solvent systems. Cryo-SEM analysis revealed
that the monoacylglycerols crystallize in bilayers forming lamellar structures in both sys-
tems. When the amount of water is increased above the swelling limit, closed lamellar
structures (liposomes) are formed to avoid direct contact between bulk water and water
associated with the monoacylglycerol bilayers.
Next to the initial stages of the crystallization process, the long-term storage behavior
of blends of monopalmitin and palm oil was also investigated. It was demonstrated that
the transition of the palm oil crystals from α to β’ occurring during the early stages of a
two-step crystallization is only a partial transition. Prolonged storage is needed for a full
transition of the palm oil crystals. While it was clear that palm oil is highly stable in the
β’ polymorph during ageing, β crystals were detected in case monopalmitin was added to
the palm oil. These β crystals appeared as large, needle-like crystals which are undesired
because they cause a grainy mouthfeel. Although the formation of β crystals could not be
avoided, it was shown that an initial isothermal shear step of 60 min at a shear rate of
either 1 s−1 or 100 s−1 prevented the formation of the undesired large spherulites.
Finally, a palm oil sample containing 8% monopalmitin was analyzed using SR-µ-XRD,
which permits to obtain local structural information. SR-µ-XRD analysis shortly after the
isothermal crystallization temperature was reached, demonstrated the template effect of
the monoacylglycerol by showing that the palm oil crystals were orientated by the pre-
viously crystallized monopalmitin. Furthermore, this technique was applied to elucidate
the structural composition of the large β crystal structures appearing during ageing, re-
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vealing that they are only made up of monopalmitin crystals. It was suggested that the
monopalmitin crystals, upon transforming to the β polymorph, migrate and concentrate
in large spherulitic crystals through a process of Ostwald ripening. Shear flow applied for
a long enough time probably accelerates the polymorphic transition to β and at the same
time prevents the segregation process of the formed β crystals.
In this research, the influence of monoacylglycerols on the crystallization behavior of palm
oil was studied using different approaches and a wide range of experimental techniques. As
different types of monoacylglycerols are widely used as emulsifiers in various fat-containing
food products, this work can form an interesting scientific basis for further research in
this field. From a fundamental point of view, it could be very interesting to perform a
SR-µ-XRD study using other types of emulsifiers (e.g. monostearin, dipalmitin) or other
types of fat (e.g. milk fat) to investigate in which cases an orientating effect can be de-
tected. A profound study using a wide range of emulsifier types and fat types could deepen
the fundamental knowledge on the templating effect of emulsifiers.
From a practical point of view, it is worth investigating the addition of monopalmitin to
other fat systems to evaluate the influence of the liquid oil content on the segregation
process of monopalmitin which causes the formation of large, undesired β crystals. Fur-
thermore, although the mechanism behind the formation of monopalmitin β crystals was
unraveled, no information on the kinetics of this process was obtained. Further research
could evaluate the influence of temperature, concentration, liquid oil content, etc. on the
kinetics of the segregation process of monopalmitin. Finally, monoacylglycerols are known
to be able to structure oil without the presence of solid triacylglycerols. With the quest for
alternatives for palm oil and saturated fatty acids at the back of one’s mind, an evaluation
of the macroscopic properties, functionality and sensory characteristics of the blends of
monopalmitin in liquid oil could be very interesting with direct industrial applicability.
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